
CENTRO DE ESTUDIOS DE
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PRESENTATION

This document presents the proposal for the creation of the Centro de Estudios de

F́ısica del Cosmos de Aragón, CEFCA, the first research center in Astrophysics in the
Autonomous Community. It is being conceived as a Research Center with the responsibility
to build, operate and exploit scientifically the planned new Observatory to be erected on
the Pico del Buitre, Sierra de Javalambre, Teruel (see Figure 1). The handling, data
reduction process, archiving and accessing by the international community will also be
the responsibility of the Center. The CEFCA, with its specific facilities, is a proposal
articulated to contribute to the progress of the Extragalactic Astronomy and Cosmology,
promoting the interdisciplinary collaborations and the exchanges and feedback between
scientific and technological developments that the new challenges demand.

The observational strategy, that proposes to perform very large surveys, will provide
vast amounts of first quality data that will boost new discoveries and advances in all the
domains of the Astrophysics. The data from every project carried out with the CEFCA
facilities will be constituted as a Legacy Project.

We intend to present the guidelines of the proposed research center with special empha-
sis in the data center, the telescope operation organization and the scientific policy, with
the aim to define it as a shared responsibility initiative between the Gobierno de Aragón
(GdA), and the Consejo Superior de Investigaciones Cient́ıficas (CSIC).

The possibility to have a Research Center in Astrophysics in Aragón, including the
building of a new Observatory was included among the priorities in a document of sci-
entific policy by the GdA, the II Plan Autonómico de Aragón de Ciencia, Tecnoloǵıa y

Transferencia de Conocimientos, in its Anexo III, p. 133. The initial forward step was
taken by the GdA in 2007 based on the preexisting proposal dated back to 1992 when the
first site testing of the Sierra de Javalambre was started. The preliminary studies on the
site and the telescope were funded in 2007 by the Fondos Especiales de Teruel with 280
k¿.

In November 2007 responsibles of the Ministry of Science and Education, of the CSIC
and of the GdA produced a document to support the elaboration of the project. They
also recommended the GdA to propose M. Moles as responsible, what was confirmed later,
with the charge to produce a MEMORIA containing the aspects that could justify the
building of a Research Center to run the Observatory and to define and accomplish the
scientific projects to be carried out. This is the central purpose of the present document.
It also contains information on the site characteristics and the present situation regarding
the telescope project.

The basic profile of the project was defined in April 2007 as a Research Center in
Astrophysics and Cosmology, with a purposely built observatory to produce large scale
surveys. The convergence of the project with the scientific interests of a large scale project
called Physics of the Accelerating Universe (PAU), proposed by a large group of Spanish
scientists including the proponent of the new research center, boosted its development. The



central goal of the PAU collaboration is to measure the Baryionic Acoustic Oscillations
to constrain the equation of state of the Universe. This implies a large scale survey to
be completed with a dedicated Very Wide Field Optical Telescope. The GdA and the
PAU collaboration expressed their coincident interests in a letter send by the Consejera de

Ciencia, Tecnoloǵıa y Universidad of the GdA to the Minister of Education and Science,
dated April 17, 2007 and in the PAU Project Memoir, respectively. The scientific project
was soon later granted as a high priority, CONSOLIDER-INGENIO type project by the
former Ministerio de Educación y Ciencia, and funded with a total of 5 M¿. Among the
goals of PAU there is the building of a large format CCD camera that would be installed
at the new telescope.

In this way the initial scientific project of the new Observatory was identified. Other
than the central goal of PAU, it was planned in such a way that it would be possible to
get large amounts of high quality data that would be valuable for all the different domains
in Astrophysics, making it a Legacy Project under the responsibility of the CEFCA.
The implications in terms of telescope operation and Data Management are included in
the present document.

In general terms, beyond the specificity of a project like PAU, the responsibility of the
proposed Center will be to operate the Observatory, to manage the data and to propose
and nucleate large collaborations and to leader some specific parts of large scale projects,
the scientific planning of its activity and the exploitation of the data that the Javalambre
Astronomical Observatory (JAO) will provide. This is the background that defines the
conditions to create the CEFCA in the town of Teruel.

This document is organized as follows: The first Chapter is devoted to present the
characteristics of the Sierra de Javalambre for astronomical observations in the optical do-
main, the requirements for the telescope and its development status. The second Chapter
is devoted to the Science Case, with particular emphasis on the topics regarding Galaxy
formation and Evolution, Clustering and Cosmology, that will constitute the defining Re-
search Lines of the CEFCA. The main motivations to propose the creation of the CEFCA
an its main characteristics, strategy and organization are presented in Chapter 3.

Contributions to the Chapter 2 are acknowledged: Dr. C. Abad and Prof. A. Elipe
(Astrometry section); Drs. R. Duffard, L. M. Lara and J. L. Ortiz (Solar System section);
Prof. J. Fabregat (Stellar Physics section); Drs. S. F. Sánchez, A. López Aguerri, D.
Cristóbal and G. Fasano (Galaxies and Clusters sections); Drs. N. Beńıtez, A. Fernández-
Soto and Prof. V. Mart́ınez (LSS and Cosmology section). The coordinator, Prof. E.
Fernández, and the PAU-collaboration members are also acknowledged for discussions and
the permission to use the material on the PAU-Survey included here. Drs. N. Beńıtez
and S. F. Sánchez, and Prof. J. Cepa are acknowledged for continuous support and many
clarifying discussions.
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Figure 1: Google image of the Pico del Buitre, Sierra de Javalambre. The geographical
coordinates of the Pico are 40o02

′

28.67”N, 01o00
′

59.10”W
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Chapter 1

THE SITE AND THE PROPOSED
TELESCOPE

The possibility to build a new Observatory in the Sierra de Javalambre (Teruel) was con-
sidered for the first time at the end of the eighties. With the support of the GdA, the
CSIC and the local authorities of the city and the province of Teruel site testing studies
were started in 1990 under the responsibility of M. Moles. The results were very encour-
aging in terms of the number of useful nights, low sky brightness, low extinction and good
median value for the seeing. Regarding these parameters the site could be ranked among
the very good known observatories. Unfortunately the testing could not be pursued to
complete a robust statistical data-base and it was decided not to publish the data when
the project was stopped. A new study of the site characteristics was planned and started
with the new impulse that the project received in 2007. Funds were allocated for the site
testing campaign and for the preliminary studies for the telescope concept and design. The
measurements have been started recently.

1.1 The general characteristics of the Sierra de Javalambre

Between 1990 and 1992 different studies and in situ observations were carried out on the
characteristics of the Sierra de Javalambre as a potential new astronomical site. During
1990 and 1991 the existing local meteorological data and images from the satellites ME-
TEOSAT and LANDSAT were analyzed to obtain information on the cloud coverage of
the area. Then, in 1992 we performed the observations with different instruments.

1.1.1 Global aspects. Meteorology and light pollution

Global considerations on the meteorological conditions in continental Spain show that the
best place in terms of clear skies is to be found in a rather narrow strip that divides the
area of influence of the Atlantic weather and that of the Mediterranean weather. Different
potential places can be found within this strip, the most prominent being: the Pico del

9



10 CHAPTER 1. THE SITE AND THE PROPOSED TELESCOPE

Figure 1.1: Number of rainy days per year. The horizontal continuous (dashed) line tracks
the yearly median (average) values for the analyzed period, 1954-1975

Caballo in Sierra Nevada (3,000 m high), the Sierra de Javalambre (2,020 m high) and the
Pico del Turbón (2,492 m high) in the Central Pyrenees. The extreme conditions of the
first and third places and the absence of infrastructure to access them led us to concentrate
our research in Javalambre.

As an indirect preliminary verification of the meteorological conditions we examined
the rain data corresponding to Torrijas, a small village at about 1,000m altitude near the
Sierra. We found daily data for the period 1954-1975. The main results from this database
are the low monthly average of raining days amounting to 4-5 days (from 7 in May to
2 in July). The year average amounts to 14%, with small year-to-year variations (see
Figure 1.1).

As part of the program we also studied the available images from the satellites ME-
TEOSAT (2175 images) and LANDSAT (148 images), corresponding to the years 1983-
1988. Once both sets of images were cross-checked we found that the year average gives
53% of Clear Days, 17% of Covered Days and 30% of Partially Cloudy Days, with small
year to year variations (see Figure 1.2). We notice the practically constant percentage of
totally cloudy days along the years. Regarding the distribution along the year, shown in
Figure 1.3, we found that from July to October and in December the number of clear days
is above the average, whereas January and March are very close to the average. The worst
month is May, as it is also in the Observatories of Calar Alto or Sierra Nevada, located in
the same meteorological area.

The analysis also showed the existence of a sizable difference in conditions between the
NW and SE sides of the Sierra de Javalambre, being the Pico del Buitre in the SE side,
the best place. We therefore installed the monitors for in situ measurements in Pico del
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Figure 1.2: Results from the analysis of METEOSAT images: Yearly averages of clear,
partially covered and totally covered days for the period 1983-1988

Buitre, 1957m high.

After the project was recently reconsidered we started to organize a new testing of the
site. As part of it, a new study of the cloud coverage was performed by analyzing high
resolution satellite images of the area for the period 2005-2006. The data-base consist on
3,000 images from the satellite NOAA (sampling of 1.2 km per pixel) and 2,000 images
taken with the remote sensors MODIS-TERRA and MODIS-AQUA (sampling of 250 m
per pixel). The images correspond to different moments of the day and night: UT = 0h,
06h, 12h and 18h.

Among the results of the analysis we quote here the most relevant. First, it is clearly
confirmed that the SE side of the Sierra is superior in conditions to the the NW side. The
gradient is clearly visible in the Figure 1.4 that show the lines of equal cloud coverage
averaged for the two years considered. The difference between Pico de Javalambre and
Pico del Buitre amounts to 3% for the number of clear nights and 5% for the number of
nights with less than 50% of cloud coverage.

Given the superiority of the Pico del Buitre we will refer to it in the following. The
new study with high resolution satellite images let us to conclude that the number of
clear nights per year, for 2005-2006, amounts to 53% of the total, with coincides with the
number of clear days extracted from the earlier study. This indicates that the situation
is being stable at the scale of 20 years. Another important aspect that can be concluded
from the data is that the number of nights with less than 50% of cloudy coverage amounts
to 62.2% (227 nights per year). We notice that this figures compare very well or are even
superior to highly reputed Observatories around the world (see for example, W. Wester,
2004; Sánchez et al, 2007). We have collected in the Table 1.1 the monthly averages for



12 CHAPTER 1. THE SITE AND THE PROPOSED TELESCOPE

Figure 1.3: Results from the analysis of METEOSAT images: Monthly averages of clear,
partially covered and totally covered days for the period 1983-1988

Figure 1.4: Cloud-level lines over-plotted on the map of the Sierra de Javalambre. The
codes are in percentages. The two peaks, Javalambre and Buitre are marked.
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Table 1.1: Number of nights with different cloudy coverage, averaged over the period
2005-2006

Month < 20% < 50% < 70%
January 18 19 23

February 13 16 18
March 10 14 20
April 15 18 21
May 11 15 19
June 19 22 25
July 25 27 29

August 25 27 30
September 17 18 23

October 16 20 23
November 10 15 18
December 15 17 20

193 227 269

the analyzed period.

A different aspect to consider here is the incidence of the artificial light pollution on
the sky brightness above the Pico del Buitre. When the site testing was started in 1990 it
was a remarkably dark site. The evolution of the area surrounding the Sierra in the last
20 years in terms of population has been of no negative influence. The potential problem
could come from the East, where the city and region of Valencia have known an important
increase of population and activity with the corresponding increase in public lightning.
High resolution maps of the light pollution in Europe and in Spain are available at AVEX
(http://avex.org.free.fr/cartes-pl/espagne). Regarding the situation in Javalambre it ap-
pears that it is one of the very rare areas in Europe or even in Spain where the light
pollution is still very low or negligible. We reproduce here, see Figure 1.5, the correspond-
ing area from the quoted source. The quality of the Javalambre site has not yet been
compromised, even if the threat coming from the Valencia area is real. New regulations
to limit the light pollution, similar to those already active in the Canary Islands or in
Andalućıa, need to be promoted to preserve the quality of our sites.

1.1.2 The local measurements at Pico del Buitre

The preliminary data collected strongly indicated that the Pico del Buitre, in the SE side
of the Sierra is actually of superior quality compared to the Pico de Javalambre. We
therefore decided to install our equipment at Pico del Buitre to pursue the testing with
local measurements. We could observe for a period of 67 nights and days from May to
September, 1992. We used a 10 inches telescope equipped with a photoelectric photometer
and standard UBV filters and a CCD camera, plus a meteorological station and other
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Figure 1.5: Image of the area of Javalambre with the artificial light contamination contours.
The Sierra de Javalambre is at the center. The map is valid for a cone of 50 degrees semi-
aperture around the zenith. The last color codes, dark blue and dark (that gives green by
transparency of the texture), correspond to skies of good quality. The green color code
corresponds to a pollution level well below 10% over the natural, unpolluted level. The
city to the NW of the Pico del Buitre is Teruel
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sensors. The telescope was mounted on a 6 m high tower well isolated from the wind
action.

Due to a shortage of funds the campaign could no last as long as it was needed to
produce an statistically robust data base. The data, for this reason, remained unpublished.
With this caution in mind, we summarize below the main results we could extract from
the acquired data:� The nightly inversion layer is, on average, below the Pico del Buitre all the time

except the period from mid-June to mid-August� The percentage of useful nights during the campaign was higher than expected from
the satellite daily data� The relative humidity, on average, reached 65%. It could reach near to saturation
values during some summer nights with winds from the E or SE� The wind was never measured above 16 m/s except a gust at 27 m/s� The atmospheric extinction was always in the range 0.14 ≤ kv ≤ 0.20, without any
sign for the presence of dust or aerosols� The seeing was measured from star trails. The median value was found to be ≤ 0.85”

The data, due to the too short statistical basis could not be considered other than
encouraging. Thus, once the project was re-launched in 2007, we immediately started to
consider a new site testing, with appropriate, state of the art monitors. Since the cloud
coverage is well characterized and the extinction behavior should be not different from what
we measured in 1992, the maximum priority was given to the seeing and sky brightness
measurements. We immediately ordered a DIMM seeing monitor, called ROBODIMM,
together with a 8-bands extinction and sky brightness monitor, EXCALIBUR, together
with a meteorological station and some other instruments. The monitors were recently
finished and then tested and calibrated in the Calar Alto Observatory against the standard
monitors there. They have been mounted at Pico del Buitre by the end of June 2008. The
seeing monitor has started to produce data and EXCALIBUR is expected to produce
significant, calibrated data from July 15th on.

Fortunately, while the monitors were being built, we have being using a seeing monitor
on loan from the Calar Alto Observatory, previously calibrated with the standard seeing
monitor there. Some measurements could be taken in March, April, June and July with
this monitor. Once the new monitor has been installed in July we have cross-checked their
measurements to verify that they are totally compatible. We have therefore merged the
data from both instruments. The accumulated measurements are presented in Figure 1.6.
They correspond to an excellent quality site, with a median value of 0.62” and more than
80% of the values below 1”. Indeed, these data strongly indicate that the site has a very
good seeing quality, but they cannot be considered as definitive until a more extended sta-
tistical basis is constructed. We plan to collect data for one full year before publishing the
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Figure 1.6: The accumulated seeing distribution as measured up to now. The data comprise
about 4800 measurements. The median value amounts to 0.62”. Over 85% of the points
are below 1

′′

site testing results. Campaigns with monitors from other observatories are being prepared
to check the consistency of all the measurements.

1.2 The proposed Telescope

The need for large surveys to study key problems in the different domains of Astrophysics
and Cosmology has become evident in the last years. In 2005, the journal Science published
an issue exploring the 125 most important scientific questions of our epoch. The top one
was: “What is the universe made of?”. This illustrates that cosmology has become a
crucial scientific field, and not only for cosmologists.

Looking to identify the main research areas in Astrophysics and Cosmology in the next
years, the joint ESO-ESA Working Group on Fundamental Cosmology (Peacock et al.,
2006) explored the following questions:

(1) What are the essential questions in fundamental cosmology?
(2) Which of these questions can be tackled, perhaps exclusively, with astronomical
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techniques?
(3) What are the appropriate methods with which these key questions can be answered?
(4) Which of these methods appear promising for realization within Europe, or with

strong European participation, over the next 15 years?
(5) Which of these methods has a broad range of applications and a high degree of

versatility even outside the field of fundamental cosmology?
The top recommendation of the Panel was to carry a “Wide Field optical and near-

IR imaging survey”. This is precisely, in the optical, the task at which the Javalambre
telescope will be devoted. Even more, whereas there are projects for surveying in the NIR,
there are no projects for survey telescopes in the optical defined in Europe. This
makes the Javalambre Telescope project a pioneering proposal of the greatest importance
for the future development of Cosmology in our countries.

Let’s also state from the beginning that the initial Survey that we are to propose
addresses all the questions considered by the ESA-ESO Panel: Its central goal will be
the Dark Energy problem, a task to be tackled with astrophysical techniques only; a new
method is proposed, photometric narrow-band filters survey, that we have introduced and
applied for the ALHAMBRA-Survey, a forerunner of the proposed survey. A survey, lastly,
that is going to produce unprecedented data basis for all the domains in Astrophysics, from
the Solar System to Cosmology.

Several surveys have been recently finished or are being developed and planned. Perhaps
the prototype of recent all-sky survey has been, among others, the Sloan Digital Sky

Survey, SDSS (York et al, 2000), that has motivated a large number of studies and has
produced very important results in different domains. In other cases, the depth and detailed
information were looked for as it is the case of the ALHAMBRA-Survey (Moles et al.,
2008; Beńıtez et al., 2008) that, in spite of its small area coverage of only 4 square degrees,
encompasses a cosmical volume corresponding to about 1/10 of the SDSS. The technique
introduced with ALHAMBRA has also pioneered the way to get large area and detailed
individual information at the same time. The survey proposed by PAU is an extension of
the ALHAMBRA strategy to an all-sky survey.

The existing telescopes were conceived for general use, with rather modest fields of view
(FoV). The main parameter to give the capability of a telescope for large area surveys is
the Etendue, defined as the product AΩ, where A is the aperture in m2 and Ω is the FoV
in square degrees. In the Table 1.2 we have collected the Etendue value for some existing
medium size telescopes, together with the expected value for planned projects including
ours. Let’s note that the final Etendue value for larger telescopes is of the same order or
smaller than that of the existing medium size telescopes.

The combination of an important aperture and a wide field is a technological challenge.
Looking at existing telescopes we can see that the nominal Etendue does not reaches even
10 for existing telescopes. Only the projected DES-Camera at the Prime focus of the
Blanco 4m telescope at CTIO will surpass that value.

It is therefore necessary to go to new designs, purposely aiming at larger values of that
parameter. The new projects SKYMAPPER and Pann-STARRS have targeted very large
fields of view. Our project is placed in between in terms of Etendue. Indeed the projected
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Table 1.2: The Etendue of small-medium size existing or planned telescopes. The collecting
area, A, is given in m2 and the FoV in degrees (diameter).

Site Telescope Focus Area FoV AΩ Comments
Calar Alto T2.2m R-C 2.94 1.116 2.88 Not implemented
Calar Alto T3.5m Prime 9.093 1.01 7.31 Not implemented
La Palma INT Prime 4.70 0.667 1.65 Wide Field Imager
La Palma WHT Prime 13,0 0.667 4.55 Not implemented
La Palma NOT R-C 4.71 0.50 0.92 Not implemented
La Silla T3.6m Cass 8.85 0.4 1.11 Not implemented
La Silla NTT R-C 9.46 0.5 1.86 Working
Las Campanas Dupont R-C 4.35 1.45 7.18 Not implemented
CTIO 4m Blanco Prime 10.04 2.2 38.16 Development
Side Spring SKYMAPPER R-C 1.03 3 6.2 Development
Hawaii Pann-STARRS R-C 4x1.90 3 22.8 Development
Hawaii Prime CFHT 9.32 1.27 9.32 Working
Apache Point R-C SDSS 4 1 3.14 SDSS image

(3.5) 14.0 Not implemented
Javalambre T2.5m R-C 3.78 3 26.71 Project

LSST will overcome all the other projects by a large factor. It is a many-hundred million
dollars project intended to work with broad band filters and for a limited period of time,
10 years, in the South, starting in 2015.

Our project, combining a large Etendue telescope and the use of narrow band filters
(see below) could be not only a competitor of all those projects in many key areas, but
even a unique project in terms of the physical quality of the data to be produced.

Pann-STARRS, SKYMAPPER or the Javalambre telescope are all dedicated instru-
ments. This brings into the discussion another important aspect: The need for a dedicated
facility. Reducing the time used in survey mode directly reduces the practical Etendue.
This is the case of the DES-camera at the 4m Blanco Telescope that will use only a third
of the time, bringing the actual Etendue to less than that of our Javalambre telescope.
Trying to modify an existing telescope to get a larger value of the FoV has to face im-
portant technical problems in terms of complexity and cost, particularly relevant since the
telescope has to continue to serve a large community and, therefore, only a fraction of the
time can be devoted to survey projects with the specific instrument. And the consequence
is a drastic reduction of the nominal Etendue that could otherwise be technically achieved.

We are then planning a dedicated telescope with the best compromise between aperture
and field of view to keep it within reasonable limits in both technological difficulties and
budget. Taking into account the requirements of a survey like the JAO- PAU (see below),
this compromise resulted in the following first level requirements:� Effective aperture ≥ 2m



1.2. THE TELESCOPE 19� Effective FoV ≥ 6 square degrees� Scale of 0.4”/pixel, for a pixel of 15µm� Homogeneous throughput and optical quality along the field. Intrinsic images better
than FWHM = 0.35” in all the field� Very small distortions compatible with a drift-scan observing mode� Robotic

A total of five companies answered to our request for a conceptual design study to sat-
isfy the requirements. Different technical proposals were considered: Prime Focus (PF),
Cassegrain (CASS), Three Mirror Anastigmat (TMA) on- and off-axis. All these propos-
als were analyzed by an international Panel that met in May 15th in Zaragoza and has
produced the final report. The Panel recommends the Cassegrain solution as the optimum
compromise between expected performances, cost and risk. This solution has been adopted
and we have started to elaborated the Requirements that would be finished before the end
of October, 2008. Following the same recommendations, we have also organized the team
including, other than the PI, the PS and PM and the optical and mechanical engineering
teams.

We would like to recall here that the default line for the Camera is that that the PAU-
Collaboration is going to build. The Camera and Telescope are being designed in parallel
by teams in permanent contact. Presently a conceptual design of the camera is also being
developed to be used as input for the final telescope design

The Observatory and Telescope Building Planning is as follows:� Requirements based on a 2.5m aperture telescope, FoV = 3 degrees (diameter): by
October 30, 2008.� The call for offers ready before the end of 2008. Construction Contracts signed by
February, 2009� PDR of the enclosure, dome and telescope designs before the end of August, 2009� Starting of the construction of the Service building at Pico del Buitre during the
summer 2009� Civil work and dome finished by the end of the summer 2010� Telescope erected before March 30, 2011

In case the auxiliary telescope of about 70 cm aperture was decided, it should be finished
before the summer 2010. It would be used for calibration and variable sources follow up.
Moreover, the experience that would be acquired during the construction process of this
small telescope would be very helpful to solve the general infrastructure problems and to
optimize the construction of the principal telescope.
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The expected performances for the JAO narrow band filters survey as defined to satisfy
the requirements by PAU are presented in the next Chapter. Here we give just the expected
broad-band magnitude limits for the telescope as it is planned, with LBNL CCDs, typical
atmospheric parameters and SDSS filters. They are given for a fiducial exposure time of
100s and a seeing of FWHM = 0.8

′′

:

u = 23.26 g = 24.25 r = 23.78 i = 23.32 z = 21.73



Chapter 2

THE SCIENCE CASE

The CEFCA is conceived to become a reference center for Astrophysical and Cosmological
studies that require of large scale surveys. They are intended to be constituted into Legacy

Projects to be accessible by the whole scientific community. The Observatory is planned
as the facility to perform such surveys.

The goal is to achieve such large scales surveys with as detailed as possible information
on any of the detected sources. The specificity of our approach resides in the ability to
accurately determine the Spectral Energy Distribution (SED) and the redshift for all the
detected objects, without any previous selection.

In general terms, the detailed knowledge of the SEDs of all detected galaxies will allow
the measurement of key parameters for the study of galaxy evolution: stellar mass, stellar
age distribution, metallicity, dust absorption, and interstellar gas emission. This will make
possible a detailed study of the rates of star formation, galaxy mergers and chemical
evolution that can account for the evolution of the stellar contents of galaxies of different
types. It will also provide with good membership assignment to structures of different size
so the influence of the environment can be analyzed. The structures, particularly clusters
of galaxies, and their populations will be characterized. We will also consider the weak
lensing effects from the matter distribution.

Given the power of the survey to classify stars of any type, the Javalambre-PAU system
will provide a much better QSO-star separation than any other, resulting in essentially
uncontaminated QSO samples. Emission line galaxies will be detected to unprecedented
accuracy and depth through the analysis of their SEDs. As a subproduct, QSO lens
candidates can be searched for by inspecting for the presence of multiple images, to be
followed up with larger instruments.

Large Scale Structure and Cosmology will be in fact the main beneficiary of the survey,
that is planned to study the nature of the Dark Energy.

Indeed, the physical parameters of million of stars of the galactic halo and even of
nearby galaxies will be obtained allowing for all kind of detailed studies.

And, last but nor least, the Javalambre-PAU Survey is also optimum for serendipitous
discoveries given is photometric depth, large area coverage and its sensitivity to emission
lines.

21
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In the following we summarize the characteristics of the survey and then we briefly
describe some of the scientific topics that can be addressed, with special emphasis in those
topics that will be central to the activity of the CEFCA, the Extragalactic and Cosmology
domains.

2.1 The initial Javalambre Astronomical Survey

The driving considerations to define the initial Javalambre Astronomical Observatory
(JAO) Survey are to satisfy the requirements of the PAU project: the measurement of
the Baryonic Acoustic Oscillations in the tangential and radial directions (we refer it as
JAO-PAU to explicitly refer to the PAU requirements). The main demands are a large sky
coverage, about 8,000 square degrees, and enough redshift accuracy, ∆(z)/(1+z) ≤ 0.0035
up to z = 0.9. This sets for a large Etendue telescope to perform a multi-narrow-band
filter photometric all-sky survey.

The use of narrow-band filters to get the required redshift accuracy makes our project
unique. Even if it can be overrun by Pann-STARRS or, later, by LSST in terms of Tele-
scope Etendue, our strategy makes our project unique in terms of information content and
homogeneity. The purpose designed, top-hat form of the filter transmission curve elimi-
nates any bias or signal modulation as a function of the redshift or of the spectral class
and produces detailed spectral information.

The immediate precedent is the ALHAMBRA project (Moles et al., 2005, 2008; Beńıtez
et al., 2008). It aims at providing a cosmic tomography to follow the evolution of the
contents of the Universe over most of the Cosmic history. To that end the use of 20
contiguous, equal-width, medium-band filters covering from 3500 Å to 9700 Å (plus
the standard JHKs NIR bands) was proposed, to maximize the number of objects with
accurate classification by SED type and redshift. The first data confirm that the expected
magnitude limits are reached. It is also expected to obtain accurate redshift values, ∆z/(1+
z) ≤ 0.03 up to I≤ 25 (60% completeness level). The run of the expected photo-z errors
with the photometric error is presented in the Figure 2.1.

The COMBO-17 survey (Wolf et al., 2001, 2003) already proposed the use of a com-
bination of broad band and medium band filters. It has reached an accuracy of σ(z) ∼
0.02 (1 + z) for the general galaxy population (Hildebrandt et al, 2008), and has reached a
scatter of σ(z) ∼ 0.0063(1+z) for the bright ellipticals in the Abell 901/902 superclusters.
Taking into account the velocity dispersion of the cluster the authors infer an intrinsic
photometric accuracy close to 0.004 (1 + z) (Wolf et al., 2003).

These results indicate that high enough accuracy in z for many cosmological purposes
could be attained with narrow band filters photometric surveys. With the JAO it is
intended to push that accuracy to the limit. Just to state the main aspects of the project
PAU we summarize here the work that has been done by Beńıtez et al. (2008).

The main goal of the PAU project is to measure the Baryon Acoustic Oscillations. To
that end large volumes have to be surveyed in order to get the statistical accuracy needed
to obtain relevant constraints on the Dark Energy parameters.
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Figure 2.1: Estimate of the photometric redshift dispersion as a function of the photometric
uncertainty in the I band for the ALHAMBRA Survey. The black dots and continuous
line show the velocity uncertainty, while the red dotted (green dashed) line shows the
percentage of objects with a given I-band uncertainty that have redshift residuals smaller
than ∆z/(1 + z) = 0.015 (0.030)

As the simulations show, the project is affordable with a wide FoV small-medium size
telescope. We consider as a fiducial case a dedicated 2m-class telescope, with a minimum
effective area of πm2 and a camera with a 6 deg2 FoV. The results will remain qualitatively
valid as long as the Etendue of the final observational setup is roughly the same.

The filters have to be of ∼ 100 Å width and cover the spectral range from ∼4200-
8200 Å to detect and provide accurate z-values for LRGs up to z∼0.9-1. For the time
being, based on the first data on the Javalambre site quality and characteristics, we assume
that the sky brightness for the dark phase of the lunar cycle is similar to that of Paranal,
as measured by Patat (2004). For the middle of the Moon cycle, or “gray” time we use
the values of Walker (1987) for Cerro Tololo. Given the narrow width of the filters, a
model of the night spectra is needed to compute its intensity in each band. For that we
have used the model by Puxley (2008). A median seeing of 0.8 arcsec was considered and
the atmospheric transparency to be that at La Palma at 1.2 airmass. The detector were
assumed to be LBNL CCDs and the filter transmission was assumed to be that of the
ALHAMBRA filters. An exposure time calculator was made to do that task. The final
results is shown in Figure 2.2, where the spectrum of an early-type galaxy at z = 0.2 is
also shown to illustrate the kind of data output that the survey will produce.

These calculations were checked and normalized with the ING exposure time calculator,
SIGNAL and with those of DIET 1, the Direct Imaging Exposure Time calculator. The

1http://www.cfht.hawaii.edu/Instruments/Imaging/Megacam/dietmegacam.html
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Figure 2.2: An example of a narrow-band filler system similar to the one which will be used
by the JAO-PAU survey. We have included the redshifted spectrum of an early type galaxy
at z = 0.2 from the Bruzual and Charlot library to illustrate how the sharp 4000 Å break
(which here falls at 4800 Å) is basically bracketed by only two filters. Note that many
spectral features apart from the 4000 Å break are resolved by such a filter system. The
system is supplemented with broader filters to cover the blue and red ends of the optical
range that are not covered by the narrow fiters
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Figure 2.3: Expected limiting magnitudes for the JAO-PAU survey. The squares represent
the 5σ magnitude limits within a 1 sq. arcsec aperture, the circles within a 2 sq. arcsec
aperture and the continuous line is the 5σ magnitude limit which would be reached if we
divided the total exposure time of 19440s equally among all the filters

differences are small and mostly related to the need to have a detailed sky spectral model
to get the right background levels per narrow-band filter. The results were also checked
with the experience gained with the ALHAMBRA Survey scaled to the JAO parameters.
They agree within 10%.

A crucial question is how to divide the exposure time between the different filters. At
each redshift, we identify the filter which corresponds to the 4150 Å rest frame region, and
try to detect a L∗ LRG within a 2 arcsec2 aperture with S/N ≥ 10. We set a minimum
exposure time of 120s, and adjust the maximum exposure time in each filter so that the
total is below 5.4 hours (see below for the justification). The resulting exposure times are
< 120s for filters bluer than F5446, and increase until they reach the maximum exposure
time of 861s for F7307 and redder filters. The resulting 5σ limiting magnitudes are plotted
in Fig. 2.3 and Figure 2.4. Those magnitude limits set the conditions for any other science
that could be done with the output data expected from the JAO-PAU survey.

Most likely the observations will be carried out in drift-scan mode. Since there is no
need to change instruments, we expect that the observing efficiency will be very high and
that only a maximum of two CCD readouts per filter will be carried out. Assuming that
the useful time will be similar to that in Calar Alto (Sánchez et al., 2007) and that the
Moonlight will prevent us from taking data during 3 nights per Moon cycle, the number
of expected useful hours per year amounts to 1930. Leaving some room for any kind of
incidences we consider, in a rather conservative way, that the total number of hours of
exposure time per year will amount to 1800 hours. For a survey area of 8,000 sq. deg., and
with a 6 sq. deg. camera we expect to be able to expose each field, for a total of 4 years,
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Figure 2.4: The expected 5σ limiting magnitudes for point sources (squares) and the
observed spectra of a L∗ red galaxy at different redshifts (without taking into account
spectral evolution, but taking into account aperture corrections). Note that we are able to
catch the rest frame 4000 Å break with enough filters on both sides up to z=0.9

5.4 hrs, or 19440s. We will see later that these conditions are the required by JAO-PAU
to reach the redshift accuracy and area coverage demanded to measure the BAO.

We present in the following a brief account of some of the topics that can be addressed
with the kind of data that the initial Javalambre survey will deliver in different domains.
The purpose is to illustrate the range of possibilities opened by the JAO-PAU Survey.
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2.2 Astrometry: Steps towards Milliarcsecond accuracy to very

faint magnitude limits

2.2.1 Present Status

Astrometry is going to face a big challenge when projects like GAIA and SIM will open
the microarcsecond precision regime in the near future. Before tackling the three-fold
increase in proper motion precision on samples of up to a billion of stars, the intermediate
steps between the existing milliarcsecond (mas) and the oncoming microarcsecond (µas)
astrometry should be covered.

More specifically, what is needed is to extend the current reference frames towards
fainter magnitudes in order to start considering the multiple topics that µas astrometry
will fully uncover in about a decade. The limitations in the available reference frames is
indeed the Achilles’ heel of the whole astrometric system.

At this moment, there are two global main reference systems on the celestial sphere, the
International Celestial Reference System (ICRS) which most precise optical realization is
the HIPPARCOS catalog, and the International Celestial Reference Frame (ICRF) which
is defined by a set of extragalactic compact radio sources. Being determined by a small
number of bright objects does imply that they can not be directly used in the astrometric
reduction of rather small, deep and dense fields.

Efforts to extend and enhance the ICRF include the latest addition of 512 new radio
sources to this system. The ICRF, which uses radio-interferometric observations, has a
global precision in the orientation on the whole system of about 1 mas. Additionally,
other astrometric catalogs have tried to supplement the ICRS. For example UCAC-2, has
positions and proper motions for stars south of DEC = +45 and down to R∼ 16, with
estimated positional errors between 15 and 70 mas. Unfortunately, some of its proper
motions have systematic problems, which are currently being investigated, so hopefully the
new version, UCAC-3, expected to be published in late 2008, should have better proper
motions and full sky coverage.

Astrometric catalogs based on photographic plates can be regarded as secondary refer-
ence frames. For instance, USNO-B1 which is based on Schmidt plates, is an all-sky catalog
of relative proper motions down to magnitude V ∼ 21. More recently a combination of
USNO-B1 and SDSS produced proper motions of about 3 mas/yr precision, for stars as
faint as V = 20 in the common area of both catalogs, and added 80,000 new quasars.
Another example of a secondary reference frame is the GSC2.3 catalog, which has similar
characteristics than USNO-B1. Interestingly, some modern CCD-based non-astrometric
catalogs can be used as a acceptable representation of the ICRS. For example, the 2MASS
catalog (Cutri et al., 2003), with infrared observations in the JHKs bands down to J =
15.8, has a positional precision of about 70 mas, but does not have any proper motion
data.

With several independent astrometric catalogs published, covering different areas on
the sky, a comparison and a compilation seems to be the obvious path to follow, yet this
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is never an easy task. Systematic differences arise at different levels and due to a variety
of circumstances, making it a daunting task. Nonetheless efforts have been done in that
sense, and we can cite for example, the Naval Observatory Merged Astrometric Database
(NOMAD; Zacharias, 2007; www.nofs.navy.mil/nomad), which intends to merge under the
ICRS system, a series of astrometric catalogs based on Schmidt and double astrograph
plates. NOMAD is expected to be more precise than USNO-B1 and should be available
by late 2008.

Several astrometric catalogs have focused their efforts on specific areas or a given input
list of objects, like the Northern Proper Motion (NPM) and the Southern Proper Motion
(SPM) catalogs. Both NPM and SPM, provide positions and absolute proper motions of
good quality, however their limiting magnitudes is restrictive to some types of kinematic
studies. A comprehensive description of all existent astrometric catalogs, listing properties
and limits, can be found in Girard (2007).

Some projects are aiming to the densification in the optical of the ICRS by improving
existing data, like UCAC3, which should have precise proper motion for all stars brighter
than V = 14. On the other hand, there are projects in preparation to build specific facilities
and instruments dedicated to the astrometric job, like the USNO Robotic Astrometric
Telescope (URAT, Zacharias, 2004, 2007) which is expected to produce precise proper
motions down to V = 21.

In the nearby future, GAIA (Lindegren et al., 2007) will change the path of astrometry
by going from mas to µas precision. Even more, SIM Planet Quest (Shao, 2007), a long-
base interferometer, will complement GAIA by reaching a 10 µas positional precision for
stars with V = 17-20, fainter that what GAIA can do. All in all, it can be concluded
that presently the faint limit for astrometry is for V ∼ 21. Future projects are going to
overcome this limit. Thus, Pan-STARRS is planned to reach g = 23.2 and LSST expects
to deliver 3 mas/year proper motion precision down to V = 24. Finally, in the post-GAIA
era, Origins Billion Star Survey (OBSS; Johnston el al., 2004) will provide astrometric
data for stars as faint as V = 25.

Several other projects, some existing and some others to come, go also fainter than
that limit. But finding a link between ICRF/ICRS and their data, is for the moment very
difficult, if not impossible. This situation aggravates for higher galactic latitudes, which are
the target areas of most of the planned surveys aiming at cosmological studies, as it is the
case for JAO-PAU. To alleviate the situation regarding accurate astrometric measurements,
the Deep Astrometric Standards, DAS, by Platais et al. (2007), expected for late 2008, is
mostly welcome since it is providing 5-10 mas precision astrometric standards, in four 10
sq. degree fields down to V = 25.

Higher precision in both position and proper motion is key for galactic kinematic stud-
ies. Scale heights, velocity and velocity dispersion gradients, and contributions to the
galactic potential are just some of the topics that can be addressed. Moreover, precision is
the key aspect to reduce the epoch difference in the measurement of good quality proper
motions. For a short baseline in fact, deep extended surveys open the possibility to look
for faint high proper motion stars whose changing position can be well measured in just a
few years. Lèpine et al. (2007) have published the Luyten Stars Proper Motion (LSPM)
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catalog, of stars with proper motions larger than 150 mas/yr, based on data from existing
catalogs like NLTT (Luyten, 1979), 2MASS, Tycho-2 and USNO-B1. LSPM is 98% com-
plete for white dwarfs down to V = 19 and an expansion of the catalog, to include stars
with proper motions down to 40 mas/yr is in process. Catalogs like LSPM have immense
value on the study of the kinematics of dwarfs in the solar neighborhood.

2.2.2 Possible Contributions from the Javalambre Survey

Having defined the survey parameters and strategy the first option is to examine the
benefits that the collected data could have for astrometric studies. In this regard the JAO-
PAU survey presents two definitive advantages: the faint limiting magnitudes that can
reach and the power to classify the stars and derive its fundamental parameters through
the analysis of the SEDs. These are in fact the key components of any stellar proper motion
investigation of the Galaxy components.

As already presented before, the expected limiting magnitudes (with S/N = 5) for the
programmed exposure times are between 22.5 and 23.5 (AB system) in each filter. Indeed,
and this is specially well suited for astrometry, it is always possible to get fainter limits
by adding the signal from several filters. Indicatively, taking into account the values given
before, the broad-band limit magnitude in r, for 640s integration time, will amount to V
= 24.78, over 5 magnitudes deeper than GAIA and at least 4 magnitudes fainter than the
current limit for proper motion catalogs like USNO-B1 and USNO-B1+SDSS. Even more,
no-filter (or very broad filter, say from 4000 to 7300 Å, where the CCD efficiency is high and
the sky backgroun not yet too high) observations with texp = 100s could reach the limit V
∼ 25. Incidentally, it can be noticed that if such no-filter observations were repeated after a
few days they could be used to detect unknown Solar System objects, specially those with
highly inclined and/or elongated orbits, high radial velocities or located at large distances.

Observations far from the Galactic plane have the inconvenience of a lack of reference
stars for astrometric reductions. As mentioned, the DAS can be used to help the situation.
In any case, the scarcity of reference stars can be solved by using overlapping observations
(Abad, 1993). To that end, it would be necessary to get a pair of non-filter observations
per target and per night. This would imply a charge of 200s per field, or 1.02% in terms of
observing time. In this way a precision of 10 mas can be achieved (Downes et al., 2008).
This is more than good to justify a second observation epoch, after completion of the
JAO-PAU survey for proper motion measurements. With such database several relevant
scientific investigations can indeed be started on the Galaxy kinematics and structure.
High galactic latitude observations can be used to study the vertical component of the
Galactic plane, including the thick and thin disk, their scale heights, velocity and velocity
dispersion gradients, among others, all conductive to the very important topic of the Galac-
tic gravitational potential. On this same idea, the study of the tidal effects that the Milky
Way exerts on the dwarf irregular galaxies that wander around it, can help to map the
distribution of dark matter in the Galactic Halo (Majewski, 2007), a major cosmological
topic that can be addressed locally. The stellar streams with peculiar motions that these
tidal effects create, can be detected and measured by using techniques like those discussed
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in Abad & Vieira (2005).
Last but not least, since the ICRF is defined by radio-quasars, finding and measuring

more of them in the optical regime will help to significantly improve the OCRF (Optical
Celestial Reference Frame). The OCRF is currently defined by 105,000 quasars and is
globally tied onto the ICRF within 1.5 mas, while individual sources are within 80+0.1R
mas, where R is the R-band magnitude (Andrei et al., 2007). For comparison, GAIA is
expected to find 400,000 new quasars. Indeed, several million QSOs are expected to be
discovered by the JAO-PAU survey.

In the following we briefly present some other particular topics that could be addressed
with either the data collected by JAO-PAU or by using a specific observing strategy.

A.- Low-mass members in Open Clusters

Over the history of Astrophysics, stellar open clusters have significantly contributed to
the understanding of stellar evolution. The accurate determination of the members of
a cluster is essential for the tracking of the evolution of stars, specially in the low-mass
regime where models suggest that important changes happen in short-time scales and
produce significantly different outcomes. Many of these stars have not yet been looked for,
yet their proper motions can be easily and accurately used to determine their membership
to the cluster, hence providing clues to answer the many questions that this king of stars
poses.

B.- Brown dwarfs in regions of star formation

In nearby stellar associations, the search for brown dwarfs is important for the current
understanding of the formation of very low mass stars. They can be found more easily in
zones of bursting star formation. As a result, it is important to distinguish the different
bursts and separate their members. Relative proper motions can be used for such purpose,
since the high extinction associated to the stellar formation sites means that no crowd-
ing problems will occur in the imaging, and also extragalactic reference objects will not
be necessary for the astrometric reduction. Results will depend of course on the epoch
separation and the precision of the observations.

C.- Stellar and tidal streams in the Milky Way caused by accreted dwarf galax-
ies

Cannibalism could be an important mechanism for the evolution of galaxies. As already
said, the study of the tidal effects during the capture of dwarf galaxies by the Milky Way,
is very important to understand the evolution of spiral galaxies like our own. Observations
of the Galactic halo point to the fact that these streams may cross and affect the Galactic
disk. Hence, searching for stellar populations of different origins in the disk can help us to
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understand, statistically speaking, how the disk has evolved over time. More specifically,
we propose to observe already known stellar streams, like the Canis Major Stream, or
the Sagitarius Dwarf Galaxy which orbit is known to cross the Solar neighborhood. The
goal would to be to determine the absolute proper motion across the stream, what can be
achieved with the proposed observing strategy mentioned before.

D.- Systematic trends in the proper motion of the disk stars

The gravitational potential of our Galaxy is contributed by several components of different
nature and origin, as the central massive black hole, the bar or the spiral arms. The stellar
kinematics is sensitive to these components and, therefore, witness their importance to
the Galaxy mass distribution. These signatures can be detected as systematic components
in the observed proper motions using appropriate techniques (see Abad & Vieira, 2005).
Moreover, by measuring the distance to these stars by parallax, it is possible to locate them
in the 3D distribution and therefore to determine which forces are behind their systematic
motion.

Although GAIA and SIM are specially designed for this task, in the mean time, photo-
metric distances or reduced proper motions can be used as well (Girard, 2007). Observa-
tions would initially be directed towards known streams or towards l = 180o to avoid too
crowded fields.

E.- High velocity stars and Halo kinematics

High proper motions are well determined even with not too separate observation epochs.
Many of these stars are nearby and of low mass, and their high proper motion is in fact
dominated by the reflex solar motion. But some others have intrinsic high velocities what
indicates that they could be halo members. These stars have been so far studied mostly
as high velocity radio-sources, so it would be highly desirable to look for their optical
counterparts (Rodŕıguez, 2008).

F.- Stellar completeness up to 150 pc

A complete census of the least luminous stars within 150 pc of the Sun, the brown dwarfs
of MV ∼ 15, can be done. It is also possible to study the kinematics of low mass K and M
red dwarfs, halo sub-dwarfs and nearby white dwarfs. Within this distance, several open
clusters embedded in star formation zones can also be studied, like Taurus (141 pc) and
Ophiucus (120 pc) among others (Loinard, 2008).
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G.- Finding new Solar System objects

Finding objects in the Solar System is by definition an astrometric task (Ferŕın et al.,
2003). With the observing methodology proposed above, each target would have data on
three consecutive nights, enough to detect such type of objects. Moreover, by combining
the multi-filter photometry, it is possible to find asteroids based on the eccentricity of
the combined image profile, which would indicate the direction of its motion. For distant
comets or Kuiper Belt objects, a longer time interval of observation is required to detect
their motion, but they can still be studied within the observing plans. Still, just the
photometry is valuable to detect possible outburst of cometary activity in some of these
objects (Thuillot et al., 2007).

As we will discuss in the next section on the Solar System objects, finding new objects
in the Solar System is going to be the priority task for Pann-STARRS, with a specific
finding strategy. Our survey could be competitive in characterizing the discovered objects
and to find specific classes of them, like the Trojans.
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2.3 Asteroids and Small Bodies in the Solar System

2.3.1 Introduction

Our Solar System is composed of 8 major planets and thousands of minor planets. These
remnants of its formation, mixed through gravitational interactions with the major planets,
broken and re-accumulated, nowadays provide clues to the processes which formed and
continue to rule the evolution of the Solar System. The key to interpret the information
conveyed by those small objects is an accurate inventory of their population to the smallest
sizes.

There are many different classes of minor planets in the Solar System: Dwarf plan-
ets, Main Belt asteroids (MBA), Near Earth Objects (NEOs), Trans-neptunian Objects
(TNOs), comets, Trojans and Centaurs. The MBAs are located in a toroidal region be-
tween the orbits of Mars and Jupiter. The current distribution of orbital elements and
colors (Figure 2.5) hints at their formation mechanism(s) and evolution. The main prob-
lems to elucidate are the dynamical structure of the Main and Trans-neptunian Belts, the
current collision rate in them, the sources of the NEO population and the size frequency
distribution of NEOs, MBAs, TNOs. Other complementary information could be the iden-
tification and characterization of potential spacecraft and radar targets. In the last years
space missions like Rosseta to a comet, DAWN to Vesta and Ceres, Hayabusa to the NEO
Itokawa, Marco Polo to a NEO, are on the way to the targets or being planned for the
next years.

A particular group that deserves attention is that of Trojan asteroids. Trojan asteroids,
strictly interpreted, are a large group of objects that share the orbit of the planet Jupiter
around the Sun. Relative to a coordinate system that is fixed on Jupiter, each Trojan
orbits one or other of the two Lagrangian points of stability, L4 and L5. They have orbits
with semi-major axes between 5.05 AU and 5.40 AU, and they are distributed throughout
elongated, curved regions around the two Lagrangian points. As of August 2007, there are
640 numbered Trojan asteroids at L4 and 536 at L5, and a further 539 and 509 unnumbered
Trojans, respectively. Trojan asteroids are an interesting population of minor bodies due
to their dynamical characteristics and physical properties. The main hypotheses about
the origin of the Jupiter Trojans is that they formed either during the final stages of the
planetary formation (Marzari & Scholl, 1998), or during the epoch of planetary migration
(Morbidelli et al., 2005), in any case more than 3.8 Gy. ago. The dynamical configuration
kept the Trojans isolated from the asteroid Main Belt throughout the history of the Solar
System. In spite of possible interactions with other populations of minor bodies (like the
Hildas, the Jupiter family comets, and the Centaurs), their collisional evolution has been
dictated mostly by the intrapopulation collisions (Marzari et al., 1996, 1997). Therefore,
the Jupiter Trojans may be considered primordial bodies, whose dynamical and physical
properties can provide important clues about the environment of planetary formation.

The known Neptune Trojans are estimated to measure between 60 and 140 kilometers
in diameter. From the statistical analysis, it’s inferred that Neptune may have from 5 to 20
times more of these large objects than Jupiter. Jupiter only has one known Trojan in this
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Figure 2.5: Orbital elements and color distribution of Main Belt asteroids as measured
by the SDSS. Color differences in the plot indicate real differences in color among the
asteroids. Major orbital resonances are evident in the data
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upper size range. Based on this difference, it’s estimated that Neptune’s smaller Trojans
also outnumber Jupiter’s. Other researchs imply that Jupiter may have about the same
number of asteroids as the main asteroid belt, so indirectly its concluded that Neptune
Trojans may outnumber the tens of thousands of asteroids in the main asteroid belt.

2.3.2 The role of the Javalambre Survey

Detecting moving objects has been shown by the SDSS to be feasible up too rather faint
limit magnitudes. As we said in the previous section, detecting Solar System small bodies
is a matter of accurate astrometric measurements. It is clear that the JAO-PAU survey is
not optimized to do that. This is however the main goal of the Pann-STARRS project, that
includes the detection of potentially hazardous objects (PHOs) among its main targets.

Pan-STARRS should find almost all the objects 1-km diameter that pass close to the
Earth and many of the 300-meter ones. Within the solar system, the majority of the
moving objects that Pan-STARRS will discover will belong to the population of main-belt
asteroids. Pan-STARRS will work with broad filters in the visible and will reach visual
magnitude ∼ 24. The main contribution to this field by the JAO-PAU narrow band filters
survey will be the physical characterization of the solar system objects like no other survey.

A more specific possibility is to survey sky areas containing important numbers of
slowly moving asteroids. These regions could be the Jupiter or Neptune Trojan region or
the retrograde zone, where the MBAs slow down and retrograde in the sky. Due to the
dynamical constraints, the Trojans are spatially located in a relatively small zone in the
sky, which can be mapped in a deep survey. Therefore, the strategy would be to map
this region in all the filters and obtain low resolution spectra of the observed Jupiter and
Neptune Trojans. SDSS has already provided very low resolution spectra of a large number
of objects, but the JAO-PAU survey could provide much better results in terms of spectral
resolution and number of targets. In Figure 2.6 it’s shown an example of the observations
made with SLOAN.

The Javalambre Telescope equipped with narrow filters in the visible range could in-
crease the detection of objects in all the mentioned populations. To survey the Jupiter
Trojan region, 60×20 square degrees, with the planned instrument and detector, a total
of 200 pointings is necessary. To reach the same depth as the JAO-PAU survey a total of
1080 hours are necessary. This could be implemented as as separated survey.
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Figure 2.6: Narrow band spectra of asteroids obtained using the SLOAN data overplotted
on low resolution spectra of the same objects
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2.4 Stellar Physics. The Milky Way and the nearest Galaxies

Most of the running or planned big surveys avoid the galactic plane as they are conceived for
extragalactic and cosmological studies (SDSS, York et al. 2000, UKIDDS-LAS, Lawrence
et al., 2007, ALHAMBRA, Moles et al., 2008). In spite of this fact, and due to the large
coverage, they are recording most valuable data for million of stars that have a deep impact
on the Stellar Physics domain. In this respect, the proposed JAO survey, with its all-sky
coverage and narrow-band filters technique, will produce the most extended survey of the
galactic halo with detailed SED information for all the detected stars.

Indeed, the JAO-PAU Survey strategy, with the use of 100 Å wide filters from 4200-
8200 Å, supplemented with broader filters to cover the bluer and redder regions, will
produce unprecedented data that will allow the determination of the fundamental physical
parameters of the detected stars. Just to illustrate this point, let’s recall here the excellent
results obtained with the intermediate-band Strömgrem (1966) filter system, that has al-
lowed to obtain Teff , L, Z and age for low and intermediate mass stars. The significantly
narrower filter proposed for the JAO-PAU Survey will produce more accurate data for any
type of stars.

We briefly present in the following some of the problems that can be addressed with
the data from the Javalambre Survey.

2.4.1 Chemical Evolution of the Milky Way

To understand the chemical evolution of the Milky Way two main problems are faced, (i)
the age-metallicity relation of the disk stars, and (ii) the abundance of α elements relative
to the metallicity measured by [Fe/H].

Regarding the first problem, the existence of such a relation is a matter of debate (see,
for example, Pont & Eyer, 2004). Some authors (see for example, Nordström et al., 2004)
argue that the dominant effect is the dispersion in metallicity for any age and that only a
small change in the average Z in the thin disk would have occurred since its formation.

A well defined Z-age relation is expected in the rather classical evolutionary scenario
whit a constant star formation rate, with a good and homogeneous mixing of the SNe
explosions products with the interstellar medium before the next star formation episode.
On the other hand, a high Z dispersion would favor models highly inhomogeneous where the
molecular clouds are enriched during the star formation episode. Or, alternatively, it would
indicate the existence of star formation events triggered by the episodic fall of metal poor
gas clouds in time scales shorter than the disc mixing scale. Incidentally we note that this
situation is similar to that encountered when studying damped Lyα systems: their average
metallicity is nearly constant with the redshift whereas the metallicity dispersion is high
at any redshift (Prochaska et al., 2003). This result indicates that the chemical evolution
depends on different parameters related to the star formation processes. Obtaining the age
and metallicity values for as many stars as possible is thus mandatory to try to disentangle
this problem.

Regarding the second problem, it is well known that the relation between the abundance
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of α elements and that measured by Fe is about a factor of 3 higher with respect to the solar
value in the majority of metal poor halo stars. For disk stars that ratio decreases when
[Fe/H] increases and reaches 1 for solar metallicity. This trend can be explained from the
Fe production models in SNIa. Since the production and later mixing with the interstellar
medium of the SNIa products needs about 1 Gy, the α/Fe ratio starts to decrease at some
metallicity that depends critically on the star formation rate. Thus, the α/Fe ratio can be
used to date the early star formation in different parts of the Milky Way.

Different authors have considered the problem of the dispersion in [α/Fe] for disk stars
of the same metallicity. Edvardsson et al. (1993) among others have argued that that ratio
depends on the galactocentric distance that would indicate that the star formation rate
decreases with the distance to the galactic center, in agreement with the standard views.
Gratton et al. (1996) and Bensby et al. (2003) have presented an alternative explanation
in terms of systematic differences in the chemical composition of stars belonging to the
thin or to the thick disc.

Important variations in [α/Fe] have also been measured in halo stars. Nissen and
Schuster (1997) have shown that the halo stars with lower α elements abundance tend
to have longer orbits than stars with higher [α/Fe] ratio. This could be understood as
indicating that the stars with lower [α/Fe] values were formed in the most external parts
of the halo or even accreted from satellite galaxies.

It is clear that the best way to address all those problems is to determine the [α/Fe]
ratio for very large samples from the different populations in the Milky Way. The JAO-
PAU Survey filter system will allow to determine Teff , the surface gravity, distances and
ages, the Fe abundance and the [α/Fe] ratio for million of stars. The depth of the survey
will allow to determine all those parameters for main sequence F and G stars up to several
kpc, allowing for a detailed mapping of several galactic components.

2.4.2 Extremely red faint stars

About 80% of the galactic stellar content are main sequence stars of types M or later. Very
low mass stars of late M types, L and T, are the lower limit of the stellar mass function
and are the frontier between low-mass main sequence stars and brown dwarfs. The study
of such stellar types is crucial to understand the processes of star formation at such low
masses and the formation of planetary systems (Burgasser, 2004; Allen et al., 2005).

These types of stars have peculiar color indices due to the presence of deep molecular
bands in their spectra. They are also very low luminosity objects and therefore difficult to
detect and study beyond the solar neighborhood. This is why, in spite of their importance
to understand the structure of the Galaxy and the mechanisms of star formation, and their
contribution to the non-visible component of the Milky Way (Alcock et al., 2000), they are
still very poorly known.

There is another population of very faint and red stars, that could also contribute to
the non-visible component of the Galaxy, the old white dwarfs (Oppenheimer et al., 2001).
Their existence was questioned by different authors but the results from the SDSS have
confirmed the existence of such population of very old white dwarfs with Teff < 4000 K
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(Gates et al., 2004).
The main difficulty to identify and characterize these populations in broad-band surveys

is the contamination by red giant and supergiant stars that have similar broad-band colors
and are far more abundant in surveys limited by apparent magnitude. Thus, the data have
to be supplemented with astrometric studies to detect proper motions or paralaxes.

The JAO-PAU Survey is going to provide SEDs for the detected stars, allowing for the
determination of the fundamental physical parameters of the stars. Therefore, no supple-
mentary observations will be needed to determine their nature, as shown with observations
in the Strömgren system (Olsen, 1984).

Indeed, the NIR colors are more sensitive than the optical ones for the coolest objects.
But the detailed SED information and the measurements in the i and z-band regions
would give good indicators for low mass stars and brown dwarfs in a wide range of Teff .
Particularly, these indicators are more efficient in the transition region between L and
T, since their NIR colors cannot be distinguished from those of M dwarfs, much more
numerous (Chiu et al. 2006).

Summarizing, the Javalambre Survey will be able to deliver complete samples of low
mass stars and brown dwarfs, and also of cold white dwarfs up to distances of about 1 kpc.

2.4.3 Stellar populations in Milky Way satellites

The Milky Way has several satellites all within 300 kpc. Therefore the bright part of their
stellar populations can be observed with ground telescopes, to study their star formation
history (Dolphin, 1997), dynamics and chemical evolution (Tolstoy et al., 2004; Pritzl et
al., 2005).

The SSDS data has allowed the discovering of 8 new dwarfs spheroidal satellites in the
last 3 years (Belokurov et al., 2007) to be added to the 9 previously known (8 from the
analysis of photographic plates and 1 from the analysis of bulge stellar velocities, Ibata,
1995). Of them 8 are in the northern Hemisphere and can therefore be observed with the
Javalambre telescope.

As said before for the stellar populations of the MIlky Way, the populations of its
satellites can be studied, to the detection limit, with the same detail, producing the funda-
mental parameters for thousands of stars in each galaxy. This will prompt and motivate the
analysis of the star formation process in such small systems and their chemical evolution,
in comparison with the same processes in the Milky Way.

2.4.4 A dedicated Survey of the Galactic Plane

We present here what could be the starting motivation for a survey with the Javalambre
telescope devoted to the Galactic Plane. This possibility could be considered after the
completion of the planned JAO-PAU survey and is presented here to show some of the
future possibilities of the telescope.

It is obvious that a survey of the galactic plane will impulse a most significant step
forward in the knowledge of the galactic stellar populations, evolution and structure and
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in the stellar physics in general. In fact some surveys are already being performed in the
infrared and in the optical (UKIDSS-GPS, Lawrence et al., 2007; IPHAS, Drew et al.,
2005; SEGUE, Newberg et al., 2007). All these surveys are using broad-band filters with
the corresponding loss of information with respect to surveys with narrow or intermediate
band filters.

The filter system should be designed on purpose to cope with all the aspects of the stellar
classification and valid for all kind of populations. Such an optimal system was recently
studied by a group of stellar physicists in the frame of the ESA space mission GAIA.
The proposed system includes 5 broad band filters that cover the whole optical range,
from 3000 Å to 9700 Å, 12 intermediate band filters from 2850 Å to 10000 Å, to match
the Balmer, Paschen and Brackett continua, and 2 narrow band filters to match the CaII
H&K lines, and Hα, respectively (Jordi et al., 2006). In this way very powerful diagnostic
photometric indices can be elaborated to discriminate spectral types and populations and
produce the wanted physical parameters.

Unfortunately ESA has decided not to implement the system and the results will be
less detailed than wanted by the stellar physicists. Given that the GAIA system is mostly
in the optical spectral range it could be implemented for a ground based survey.

To that end only two simple modification of the GAIA system are to be considered.
The first one is just to eliminate the broad band filters since they were just proposed for
astrometric calibration purposes (and, in any case, the broad-band colors will be provided
by other, broad-band surveys). The other is an obvious change to substitute the non-
accessible UV GAIA band by a filter covering the 3450 Å to 3670 Å region.

All in all, the proposed system will be made by 14 filters, 13 defined by the GAIA
team and the 14th defined as said. With this system many problems can be addressed, in
particular:� The interstellar extinction for stars of all types� Teff , log g and MV for all kind of stars� The metallicity, [M/H], the [α/Fe] ratio for all the detected stars.� Detection and identification of extremely metal poor stars� Detection and identification of emission line stars (Be, Oe, Of, HBEAE, B[e], T Tau,

etc.)� Elaboration of powerful criteria to identify stars of the types M, C, R and N.

The area to survey is indeed the accessible part of the galactic plane, for galactic
latitudes between −5 and +5 degrees. The total area thus amounts to ∼1800 square
degrees. The wanted limit magnitude (for S/N = 5) is AB ∼ 23 in every filter. This would
imply, after the results of the simulations made for the JAO-PAU survey, exposure times
per filter about half that needed for the initial survey, except for the two narrow band
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filters. Thus, the survey could be completed in a fraction of a year in terms of on-target
time.

We would finally notice that, at the proposed depth, stars of the OBA types can be
observed beyond the limits of the Galaxy. The observation of these types of stars will allow
the precise determination of the structure of the galactic plane in the northern hemisphere,
in particular the distance to the Perseus arm and the morphology and extension of the
Norma-Cygnus arm, a matter of intense debate nowadays (Vallée, 2005).



42 CHAPTER 2. THE SCIENCE CASE

Figure 2.7: Spectral energy distribution of single stellar population models of different
ages, ranging from 5 Myr to 20 Gyr, and solar metallicity, from Bruzual & Charlot

2.5 The World of Galaxies: Formation, Evolution and Cluster-

ing

Galaxies, as individual objects, are the main target of the proposed survey. Some of them,
the LRGs, are going to be used to detect the Baryon Acoustic Oscillations (BAO, see
later), as tracers of the geometry and its time evolution. Otherwise, the information on
the SED and z for all the detected objects is going to be the bulk of the information to
be extracted from the survey. Moreover, up to distances where the galaxies are still well
resolved, we would have 3D information as if it was a low resolution (R ≈ 50) IFU survey.

The main spectral features that characterize the stellar content will be captured and
analyzed. Simple fits to the data with single stellar populations will allow a first derivation
of important galactic parameters like the SFH, Mass, Age and metallicity. In the Figure 2.7
the SEDs of a set of single stellar population models of galaxies of different ages (from 5
Myr to 20 Gyr) and the same metallicity are presented, whereas the Figure 2.8 shows the
SEDs for galaxies of the same age (2.5Gyr) but different metallicity, from sub-solar (Z =
0.001) to super-solar (Z= 0.05). The JAO-PAU data will allow to distinguish between the
different models.

Regarding the classification of galaxies, except for those parameters that need precise
line measurements, we expect to reach a quality similar to that of spectroscopic work at
the same limit magnitude. The advantages of the JAO-PAU survey are a higher S/N per
spectral element and an accurate spectro-photometric overall calibration, allowing for the
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Figure 2.8: Spectral energy distribution of single stellar population models of similar age
(2.5Gyr) and different metallicities, ranging from subsolar, Z=0.001, to supersolar, Z=0.05

use of the global shape of the SED to constrain the model fitting. The experience with
ALHAMBRA indicates that calibration at the 2% level or better can be achieved with
intermediate filters (see Moles et al., 2008).

An important aspect to emphasize here is the ability of the proposed technique to
detect relatively faint emission lines. Based on the experience with the ALHAMBRA-
Survey it seems realistic to state that for S/N ∼ 10 or better it will possible to detect
and measure emission lines with (observed) EW ∼ 10 Å. With the crucial added value, for
resolved objects, that the spatial distribution of the emission can be traced and emission
line regions identified. In combination with stellar population fitting techniques, the gas
emission will be identified to faint levels.

To illustrate this point we present in Figure 2.9 the typical SEDs for three different
emission line galaxies, including a pure star forming late-type galaxy, a type II AGN
(actually NGC1068) and a type I AGN. Over the SEDs, the black squares represent the
output data from the survey in terms of spectral sampling.

Even if distinguishing SF galaxies from type II AGNs will be not always simple, it is
clear that identifying genuine type I AGNs (QSOs) will be safer as far as they present broad
emission lines. This represents a clear advantage over other discovery methods, based on
the optical colors or their emission in other bands (Radio, X-ray). The unbiased detection
method together with the depth and surveyed area will produce an unprecedented QSO
data base by number and data quality.

We would like to point out here that the redshift accuracy will allow for environmental
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Figure 2.9: Different examples of the SEDs of emission line objects. Top-left, a star forming
late-type galaxy. Top-right, a typical type II AGN (NGC1068). Bottom-left, a typical type
I AGN. The black dots are the expected outputs from the JAO-PAU survey for the same
galaxies
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Figure 2.10: Apparent magnitude of galaxies in the I-band along the redshift for the
GOODSN Catalogue of galaxies with spectroscopic redshifts (Pérez-González, private com-
munication). The green line represents our 5 sigma detection limit. The dashed red line
shows the typical apparent magnitude, M∗ = −19, of a galaxy at the different redshifts,
assuming the standard cosmology with passive evolution

studies for real pairs, groups or clusters of galaxies, where the membership of the individuals
will be ascertained from the beginning.

Before considering the kind of analysis that can be envisaged, we present a summary
of the kind of data that will be available for objects at different distances and of different
sizes. As pointed out before, the survey will provided 3D data for resolved objects, what
means a substantial increase of the information that will produce important results.

2.5.1 The accessible characteristics of galaxies at different red-
shift values

Depending of the spatial resolution and size of the objects it is possible to consider different
slices in redshift to fully exploit the data that the survey will produce. The luminosity of
galaxies at different redshifts are presented in Figure 2.10 for the galaxies in the GOODSN
Catalogue. It appears that the JAO-PAU survey will be able to sample the galaxy distri-
bution down to M∗ up to z ≤ 1, being as deep as the GOODSN spectroscopic survey for
this redshift range. In Table 2.5.1 the estimated performances of the Survey, as explained
in the Chapter 1, are shown.

Most of the basic problems will be traced along the redshift to follow its evolution.
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Table 2.1: Typical apparent magnitudes of galaxies at different redshifts, together with
the expected S/N for the integrated magnitude, the apparent effective radius, the effective
surface brightness, the S/N at this surface brightness, the limit surface brightness and its
S/N ratio. We have assumed the a standard cosmology, M∗ = −19 and passive evolution.
For the scale-length we have assumed a fixed effective radius of Re = 10 Kpc, and the
surface brightness limit was assumed to be that at 2×Reff for an exponential profile.
The typical magnitude of a QSO at the same redshift has been also listed (by using the
compilation by Wisotzki, 2002), and the corresponding S/N

z mAB S/N Re SBe S/N SBlim S/N QSO S/N
(”) mag/(”)2 mag/(”)2 (mAB)

0.01 13.63 473 49.4 23.33 5.4 24.83 2.7 13.0 590

0.05 17.07 97 10.6 23.43 5.2 24.03 2.6 15.5 248

0.10 18.81 43 5.1 23.58 4.8 25.08 2.4 16.2 121

0.20 20.21 23 3.0 23.80 4.4 25.30 2.2 17.0 97

0.50 22.08 9.6 1.6 24.37 3.3 25.97 1.7 17.7 68

1.00 23.42 5.2 1.2 25.12 2.4 26.63 1.2 19.0 40

1.50 24.17 3.7 1.2 25.70 1.8 27.24 0.9 19.2 37

2.20 24.58 3.0 1.2 26.34 1.4 27.68 0.7 19.7 28

3.00 25.15 2.3 1.3 26.91 1.0 28.41 0.5 21.0 16

For the not too far away objects there are also some other problems, related with their
spatial structure and extended properties than can be also studied. In the following we
give a short account about the richness of the data that the survey will provide for different
redshift slices.

1. The Local Universe, z ≤ 0.01

At this distance, with 1Kpc corresponding to ≈ 5” the typical galaxies (scale ≈ 10 Kpc)
are well resolved and detected at a high S/N ratio. The different structural components
(bulge, disc, big bars, HII regions,..) can be identified and measured. In fact what the
survey produces is 3D data, with (very low resolution, R∼ 50) spectral information in
every resolution element allowing for the study of 2D SEDs for every object. Given that
the spectral coverage goes from shorter than Hδ to Hα and [SII]λ6717/31, it could be even
possible to get information on the star formation across the galaxy.

Indeed the analysis of the SB distribution at the faint outskirts will require to co-add
the SEDs within sensible areas, as usually done in imaging and 3D spectroscopy.

The Nearby Universe, 0.01≤ z ≤ 0.05

Now the scale is 1Kpc ∼ 1
′′

, which is the expected value for over 80% of the observing
time in Javalambre. Now the typical length scale of a galaxy is 10

′′

. The galaxies are well
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detected at high S/N ratio and the data are still low resolution 2D SEDs. It is still possible
to extract good S/N SEDs for the main components and to analyze them separately. Indeed
in the outer parts the spatial information is lost and co-added SEDs have to be used.

In this redshift range the luminosity function is still well sampled, with enough S/N,
down to magnitudes corresponding to dwarf galaxies, which integrated SED is well de-
tected. The survey limit magnitude is significantly deeper than that of the SDSS.

The spectral coverage contains the same main indicators as before and therefore can
be straightforwardly used for star formation history analysis or metallicity studies.

The Close Universe, 0.05 ≤ z ≤ 0.2

At this distance 1Kpc ∼ 0.33
′′

, not far from the pixel size of the instrument. Now normal
galaxies are only barely resolved, just to distinguish between early- and late-type galaxies
on the basis of their image structural parameters, like the concentration or the Sersic index.
All other spatial information is lost and the data are not more 2D SEDs, except for the
brightest and more extended galaxies. However it is still possible to disentangle an active
nuclei from the host galaxy on the basis of their spectral characteristics.

Indeed, the experience gained at lower redshift on the relation between the SED char-
acteristics and the basic morphology can allow for a classification even if the structural
components are only barely resolved.

In this redshift range the [OII]λ3727 line already enters the observed spectral range,
making easier the detection of emission line galaxies or galactic regions.

The typical magnitude of a galaxy at this redshift is ∼ 19, and it will be detected with a
S/N ≈ 25. The faint range of the luminosity function would be sampled to 3.5 magnitudes
fainter than the typical one. Only the fainter dwarfs would escape to our standard analysis.

The Far Universe, 0.2 ≤ z ≤ 2.2

Now only the integrated properties can be analyzed. The SEDs can be used to determine
the type of the galaxies, allowing for a classification into early- and late-types. AGNs,
both type I and II can be distinguished from SF galaxies on the basis of BTP diagrams.
Type I AGNs can be easily identified by the spectral signatures of the broad-emission lines.
Extended emission line regions of ionized gas can be identified around active galaxies.

The [OII]λ3727 is detected up to z∼ 1.4, whereas the [OIII]λ5007 is detectable up to
z∼ 0.6. There are two different redshift ranges to be distinguished in this slice. Up to z
≈ 1 the typical magnitude of a galaxy ranges between ≈ 20 mag and ≈ 23.5 mag so it is
possible to derive a reliable redshift and an accurate SED. Therefore, at this redshift range
a substantial fraction of the luminosity function is still sampled, even if with a bias towards
the more luminous objects. However, at higher redshifts the narrow-band magnitudes are
beyond the limit to obtain both parameters using the proposed technique. For galaxies
without detected emission lines it will be required to co-add different narrow-bands, with
the corresponding loss in the quality of both the redshift and the SED. Only the brightest
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range of the luminosity function is sampled, and the analysis will be representative only of
the brightest galaxies at this redshift range.

The High Redshift Universe, z > 2.2

Only special types of objects can be detected and analyzed in that redshift range. Indeed,
QSOs can be easily detected (see Table 2.1). The deep detection limit and the very wide
area covered by our survey, together with the lack of a pre-selection based on any criterion
will allow to select an unique sample of high-z QSOs. These objects being much brighter
than galaxies at this redshift range can easily be identified by their SEDs.

Another significant aspect in this redshift slice is that the Lyα line starts to enter
the wavelength range covered by the survey. The density of Lyα emitters is not yet well
determined (see Nilsson, 2007). The census and density that our survey will provide will
allow to determine that density and to determine the degree of ionization in the early
universe, the SFR at high redshift and the creation of structures and superstructures
(Gronwall et al., 2007). For most of them it will be impossible to detect the continuum
emission in the narrow bands so co-adding techniques will have to be used to build broad-
band images from the survey data.

As an illustration of the scale change with the redshift a true color image of M74
(obtained from U, V and R-band images) is presented in Figure 2.11 as well as its aspect
when seen at different redshift values. No corrections were applied for the k-effect, the
cosmological dimming or evolution, to show just the change in size.

2.5.2 The galaxies and its properties along the redshift

Galaxies in the Local Universe are unique laboratories to test the models on galaxy forma-
tion, evolution and persistence along cosmological times (Kennicutt & Garnett, 1996). In
the Local Universe most of the substructures that conform a galaxy will be resolved. The
results can be used as a zero point reference for evolutionary studies.

Many of the galaxies in the Nearby Universe can still be resolved and the same kind
of analysis can be applied. Indeed, some information is lost due to worse resolution, so
an obvious analysis is that of the errors or ambiguities produced in the characterization
by cause of the decreasing resolution. On the other hand, the larger volume encompassed
in that range will entitle to perform some more general analysis, regarding the general
properties of the different galactic populations at very low redshift.

As long as higher redshift slices are explored the capacity to single out the galactic
structures and give a detailed morphological classification is lost. It is still possible however
to assign a galaxy class, E- or L-type, by examining the SED and using the experience
gained at lower redshift when the morphology can be scrutinized. This is a very crucial
aspect of the JAO-PAU survey since that very basic dichotomy goes across many of the
galactic formation and evolution problems.
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Figure 2.11: Spatially scaled maps at different redshifts, using the standard cosmology,
of a three-color image of M74 created using U, V and R-band images taken with the
2.2m telescope at Calar Alto. No correction for the k-effect, the cosmological dimming or
evolution was applied
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The structure and identification of galaxy types in the JAO-PAU Survey

As long as the galaxies are at z ≤ 0.05 the main substructures can be resolved, identified
and analyzed. 2D SEDs analysis can also be done. For 0.05 ≤ z ≤ 0.20 the typical size
galaxies are only barely resolved and just a rough morphological analysis can be made for
the brightest of them. For higher redshift the galaxy type can only be attributed from the
SED.� A.- Resolved L-type galaxies

In spite of the important amount of available data many crucial problems are still
unsolved. Among them, how the whole system is formed or destroyed, whether the
bars are temporary process or can be reconstructed after some number of orbits, how
spiral arms are created and how they are maintained. Or, how the disks and the
bulges evolve with time. Or what are the mechanisms to make the disks increase
their stellar masses, apparently from the inner to the outer regions (e.g., Barden et
al., 2005), or how the bars are able to redistribute mass and angular momentum (e.g.,
Kormendy & Kennicutt, 2004).

The operating mechanisms do imprint their signature unto the stellar populations
distribution and properties across the galaxies. Indeed, some kind of gradients are
expected with defined patterns from the central regions to the outskirts or along the
spiral arms. The availability of truly 2D SED information for well resolved galaxies
will undoubtedly help to disentangle some of those problems. Particularly when used
together with data from other instruments and spectral ranges (the SINGS survey
in the FIR, or the radio surveys). The 2D analysis of the stellar populations and the
dust and gas content of every main component will produce accurate maps that will
show any possible gradient, if present, for an unprecedented large sample of galaxies.

In the local universe, one-third of local spiral galaxies host optically visible strong bars
(Moles et al., 1995: Eskridge et al., 2002). Mounting evidence, including observations
of central molecular gas concentrations (e.g., Sakamoto et al., 1999), velocity fields
(e.g., Regan et al., 1997), and starbursts (e.g., Hunt & Malkan, 1999), suggests that
bars could have a significant influence on the global properties of the hosting galaxy.

The mechanisms that are responsible for the bar formation and the conditions for such
a phenomenon to occur are therefore important aspects to understand the formation
of L-type galaxies ant their evolution. Recent results (Jogee et al., 2004) indicate
that most probably the instabilities that trigger the formation of bars where already
in place at z ≈ 1, whereas bars seem to be long lived structures (≈ 2 Gyrs). If this
is so it can be expected some changes in the fraction and scale-length of bars when
galaxies at different z are considered. The proposed survey will provide data to study
this problem up too z ∼0.05, producing a robust zero-point for evolutionary studies.

Moreover, the analysis of the bar stellar population can help to date the age of the
bar compared with that of the galaxy main body and its influence on the general
evolution of the host through changes in its star formation history.
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Figure 2.12: SEDs for an HII region (left panel) and the bulge (right panel) of a typical
local universe galaxy, M74. The SEDs were constructed from real data taken at the Calar
Alto 3.5m telescope and PMAS/PPAK (courtesy Kennicutt). Noise has been added to
simulate the detection limit of our survey. The wavelength range has been restricted to
the range covered by the PPAK data

Even if the spectral resolution is low, it will be possible to get the properties of
the gas in luminous HII region using adequately modified versions of the diagnostic
tools. Even more, it will be possible to detect faint HII regions by subtracting the
fitted stellar populations (see Figure 2.12). The derived data are key to understand,
together with the more general data, the star formation histories and the chemical
evolution of the galaxies (e.g., Vila-Costas & Edmunds, 1992).

Indeed, besides the HII regions, other particular objects like SN remnants or Plane-
tary Nebulae will also be detected.� B.- Resolved Early(E)-type galaxies.

The formation and evolution of massive, early-type galaxies constitutes a long-
standing and crucial problem in cosmology. In the hierarchical models, they are
predicted to form through mergers of smaller galaxies (White & Frenk, 1991; Cole et
al., 2000). Yet, within these models it is difficult to predict when, during the process,
the bulk of stars was formed.

Thus the evolutionary history of those objects is one of the most direct ways to attack
the problem. Some information could be encoded in the scaling relations (Moles et
al., 1995) such as the fundamental plane (e.g., van Dokkum & Franx, 1996; Kelson
et al., 2000; van der Wel et al., 2004), the luminosity-size relation (e.g., Moles et al.,
1998, Ziegler et al., 1999), and the stellar mass-size relation (Trujillo et al., 2004b).

With the current experiment we will sample most of the northern early-type galaxies
to an unprecedented depth and spectral coverage. Due to the angular size of these
objects it will be possible to perform the typical morphological analysis aimed to de-
termine the required parameters to study the scaling relations. The results will pro-
duce, as for the L-type galaxies, a zero-point reference for later evolutionary studies.
To mark the importance of the expected contribution from the JAO-PAU Survey we
notice that it is about 2/5 magnitudes deeper than the SDSS in image/spectroscopic
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mode.

Old and recent results seem to indicate that the bright E-type galaxies would have
been assembled not later than z ≈ 1. Therefore, latter merger events would not
produce changes that could take the galaxies our from the scaling relations, as shown
by Kjærgaard et al. (1993) or McIntosh et al. (2005). The data also indicate that the
luminosity evolution of less massive systems would be faster. If this is true it would be
possible to find evidence of the past merging events in the stellar populations of local
E-type galaxies. Thus, in the case they were formed by a single collapsing process
there should be an age gradient, being the outer regions younger. On the contrary, if
the process involves multiple merging events, the contrary should be expected as the
remaining gas in each event should tend to concentrate in the central regions (e.g.,
de Zeeuw & Franx, 1991).

An aspect that can be optimally addressed with the 2D SED information produced
by our survey for low redshift galaxies. In particular, it will be possible to perform
isophotal averaging of the SEDs to study the existence of galactocentric gradients in
the stellar populations.

Recent results from the SAURON survey (de Zeeuw et al., 2002) have shown that an
important fraction of E-type galaxies (about 40%) do contain residual gas. As for
L-type galaxies, the SED will be inspected to detect any emission line to rather faint
EW values. Otherwise, the detection of emission lines can be used to trace AGN
activity in the central regions of all these galaxies. This will give a significant result
(or upper limit) to the the actual fraction of AGNs in low redshift E-type galaxies.
In fact, the presence of type I AGNs can be discerned by the SED analysis up to
rather high z-values so the census it will produce will be most valuable.

This is an important aspect, particularly in connection with the so called Magorrian
relation (e.g., Häring & Rix, 2004) that, in case of being general, would indicate that
there is a massive black hole in the center of every galaxy (at least those with a
well developed spheroidal component). Both, the presence of gas and that of a black
hole are necessary to the activity to show up. Thus the fraction of AGN activity in
the center of local early-type galaxies would indicate the fraction of those galaxies
which still have gas in the inner regions. How is it that this gas is still present in a
otherwise dry galaxy and how it has been transported to the center of the galaxy is
a wide open question (e.g., Sánchez et al., 2005).

The analysis of the properties of the stellar population of each of the resolved galaxy
component (see Figure 2.12 for an illustration of the detection capability), in a simi-
lar way that it was proposed for the overall integrated properties of the galaxies, will
allow to understand the nature and evolution those different components. In partic-
ular, the similarities and differences between the stellar population of the bulge of
late type galaxies and those of purely spheroidal galaxies can be addressed to test the
different ideas for the evolutionary connection between late- and early-type galaxies.

This kind of analysis can be performed for galaxies within the Nearby Universe. For
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0.05 ≤ z ≤ 0.2 it will be still possible to make a basic morphological analysis of
the objects. Big structures (strong bars, merger events) could still be detected but
only for the better cases and with loss of the details. Grossly speaking, the E-type
and L-type galaxies can still be separated. The morphological analysis has to rest
on simple fittings to the light distribution of galaxies by Sersic profiles (Sersic 1968).
The morphological analysis will provide with basic parameters like the effective radius
and surface brightness, at given rest-frame wavelength. The Sersic index will be used
to segregate the galaxies between sharp peaked (morphological early-type) and non-
sharp peaked (morphological late-type). For each redshift within the considered
range the analysis will be performed using the most suitable band image, in order to
grant a rest frame analysis, a procedure difficult to handle with other surveys. This
simplified morphological classification of the galaxies will be used, together with the
basic parameters of the stellar population derived from the analysis of the integrated
SEDs, in order to understand the evolutionary paths between late- and early-type
galaxies. Since we have now a larger redshift range, a particular emphasis will be
put on the study of the possible evolution of the parameters, to extract a robust
estimation of the intrinsic variance of each of them. Particular attention will be
payed to (i) the possible changes in the E-type/L-type fraction in both the field and
the clusters (see below); (ii) whether there is a change in the parameters of the average
stellar populations (age, metallicity and stellar masses) of each morphological type
and (iii) the fraction of major mergers and its location in the parameters diagrams.� The analysis of the SED and its model fitting will provide an estimation of the Total

Stellar Mass. As far as the redshift increases only the integral SED can be used
as a global indicator but it can provide good information up to z∼ 0.8 at least. In
that way it is possible to follow the evolution of the stellar masses of galaxies by
galaxy type. Scaling relations like the Kormendy relation or the mass-size will be
analyzed to find if there is any change with time. Thus, combined with studies of
the luminosity evolution, constraints can be derived on the behavior of M/L with z,
an important aspect too understand the existence of other scaling relations like the
fundamental plane for E-type galaxies.

Regarding the mass growing problem it is worth to mention the Dry mergers.
Recent results indicate that massive early-type galaxies have suffered at least one
major merger in the last 8 Gyr (Bell et al., 2006). To assemble such massive early-
type galaxies without altering their already old stellar population it is required that
the progenitors are already massive and old early-type galaxies, ie., gas exhausted
galaxies, known as dry mergers. Its frequency is a key point to understand the overall
evolution of massive galaxies in the universe. The difficulty in finding them is that
they are very uncommon, and it is required a highly accurate redshift, SED and
morphological information to catch the real dry ones. In particular it is required
to clearly distinguish between galaxy mergers or pure companions. To certify a dry
merger expected features of a merging process (plumes, tidal tails, bridges,..) have
to be detected. The information produced by the Javalambre Survey and the image
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quality and resolution at the redshift range considered here will allow to select real
dry merges and establish its frequency in the nearby Universe.

In connection with the capacity to detect emission lines and the star formation mech-
anisms, it will possible to detect Extended Emission Line Regions around AGNs
and normal galaxies. This will help to understand the role of AGN activity in the
overall evolution of galaxies. In that respect, a possible feedback mechanism from
AGNs could be the output from the active nuclei of ionized gas that would interact
with the intragalactic medium. In order to explore this hypothesis it is interest-
ing to determine the frequency and energy output of extended emission line regions
around AGNs in different redshift bins. The proposed survey could be used to detect
these extended regions up to z ≈ 0.6, the range where [OIII]λ5007 is visible within
the sampled wavelength range. This is normally the stronger emission line in these
objects (apart from Hα), being the most widely used at this redshift range. The
two major limitations for the detection of such emission line regions would be their
apparent surface brightness, due to cosmological dimming, and their scale-length.
Results at low redshifts (z ≤ 0.3) have shown that these structures have a wide range
of scale-lengths (from tens to hundred of kiloparsecs) and luminosities, in many cases
brighter than our expected detection limit (e.g., Husemann et al., 2008).

The Luminosity Function of the different families of galaxies

The hierarchical model of galaxy formation and assembly cannot reproduce the current
Luminosity Function (LF) of galaxies, predicting unobserved excesses of galaxies at both
the high and low luminosity ends. The disagreement at the low luminosity end can be
explained in terms of the feedback from SNe explosions that would halt the star formation
process (White & Frenk, 1991). For the high luminosity end the situation is more compli-
cated as far more energetic mechanisms are required to stop star formation. It has been
claimed that feedback by AGNs could produce that effect, but convincing models have yet
to be built.

The situation has to be definitively stated first of all on a robust empirical basis. The
first task is to establish the actual LF function with large enough samples and in big enough
cosmological volumes to reduce the sampling noise and catch up the cosmological variance.
It has to be established for different classes of galaxies, taking into account the presence of
morphological segregation. Nowadays the most detailed empirical LF has been elaborated
from the SDSS (Stoughton, et al, 2002), shown in Figure 2.13. However this survey is not
too sensitive to the low luminosity, compact or low surface brightness galaxies. This results
in a difficult bias that is not yet well understood. Moreover, the data are rather limited to
allow to derive a reliable morphological segregation of the galaxies.

The proposed survey will overcome those problems getting to fainter limits and deliver-
ing the necessary data to establish any morphological segregation. It can be expected that
the JAO-PAU Survey will produce a much accurate LF for very large cosmic volumes, to
be compared with simulations and models.
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Figure 2.13: Local-Nearby Universe Luminosity function derived from the SDSS survey.
The red circles (blue open squares) indicate the limiting magnitude of the JAO-PAU at
different redshifts, without (with passive) evolution. The figure illustrates the range of the
luminosity function sampled by the survey at different redshifts. At z =1 it will be still
possible to sample down to M∗
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The stellar population dichotomy of galaxies

The color-magnitude diagram of field galaxies show a clear bimodality, with the more
luminous galaxies occupying a rather narrow strip, not too dissimilar to that of cluster
galaxies, even if more scattered, and the less luminous and fainter (and bluer) galaxies
distributed along a broad range of colors and magnitudes (e.g., Bell et al., 2003). When
the morphological classification of galaxies is taken into account it appears that most
of the red-luminous galaxies are spheroidals, while the blue-fainter ones shows a wider
range of morphologies, dominated by L-type and irregular galaxies (e.g., Bell et al., 2004).
These results are shown in Figure 2.14. The diagram has been generally interpreted on
the standard views on galaxy evolution, that is, that blue disk-dominated and irregular
galaxies get redder due to the gas consumption and star passive evolution. This effect can
also produce the dimming of the disk due to the lack of regeneration by new generation
of stars, accompanied by the passive growth of the bulge. Any operating merging process
would also shift the galaxies from the less to the more luminous part of the diagram. The
combined effect of both process would end up as a kind of upper limit for the red-luminous-
spheroidal objects (e.g., Cattaneo et al., 2006).

Most of these results are however based on limited knowledge of both the SED and the
morphology of the galaxies. The JAO-PAU survey will provide with an unique source of
information for the analysis of this dichotomy, allowing for type assignation to each galaxy.
To illustrate the power of the data that will be produced, we bring here the question of the
disk-dominated galaxies that belong to the red-sequence. It is widely accepted that they are
dust obscured L-type galaxies, seen edge-on. However, there is a lack of data to produce a
statistical statement on that. In fact, a fundamental fraction of these galaxies (≈ 40%) are
not edge on, which would not support this hypothesis (GEMS, private communications).
The analysis of their SEDs would determine clearly the presence of a significant fraction
of dust, or point out the need for less standard explanations, like the halting of the star
formation due to gas stripping, to explain their location in the color-magnitude diagram.

The evolution of the stellar dichotomy of galaxies can be followed as far as the SED
based classification is reliable. This can be done up to z not too far from 1 (see Figure 2.15),
when the main stellar populations can still be identified. In particular it is worthy to study
the cosmological evolution of the red-sequence of galaxies and its origin, that is the oldest
galactic stellar populations. Preliminary results at specific redshift ranges have already
shown that the red sequence is clearly dominated by early-type galaxies up to z ≈ 1 (Bell
et al., 2004). However, the possible evolution of the fraction of blue-to-red galaxies along
a large cosmological epoch, with the redshift sampling of the current proposed survey
has never been approached. Indeed, at the redshift end the detection limit approaches
M∗ so the fainter end of the color-magnitude diagram would not be sampled, although the
dichotomy would be clearly identified even with the bright galaxies only. This is illustrated
in Figure 2.16.
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Figure 2.14: The CM dichotomy of galaxies. (a) Colors and magnitudes of 1500 mor-
phologically classified local universe galaxies from the SDSS are shown. Blue open circles
denote morphologically classified late-type galaxies, whereas red solid symbols show early
types. (b) Morphologies of GEMS galaxies, using the Sersic n-parameter as classifier, are
shown. (c) Visual classifications of the GEMS galaxies are shown. Red circles denote
visually classified E/S0 galaxies, green ellipses denote Sa-Sm galaxies, blue stars denote
peculiar/strong interaction galaxies, and purple circles denote irregular/weak interaction
and compact galaxies. (d) We also show color postage stamps of red-sequence galaxies:
the top three lines are visually classified as E or S0 (where we show a large fraction of
E/S0 galaxies with substructure), the next two lines are classified as Sa-Sm, and the final
line of galaxies are classified as peculiar/strong interaction. Postage stamps correspond to
35 kpc in the adopted cosmology (from Bell et al. 2004).
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Figure 2.15: Expected SED and errors for a M∗ galaxy as a function of the redshift. Left
panels are for an early-type galaxy, ∼ 13 Gyr old. Right panels show the SED of a L-
type galaxy with a young, ∼ 50Myr, stellar population. It can be seen that the SED
determination will be accurate enough up to z not too far from 0.9-1.0

Star formation in galaxies

One of the fundamental problems in astrophysics is how galaxies start to form stars and
go on building up their stellar masses. Tracing back the Star Formation History is a major
endeavor of all large scale extragalactic surveys.

Already early results have shown that the star formation activity was larger at early
cosmological epochs than in the local universe. Recent results indicate that more massive
galaxies undergo a larger fraction of their star formation at earlier times than less massive
ones (e.g., Cowie et al., 1996). They have also show that star formation up to z < 1 is dom-
inated by disk galaxies. Albeit their importance, all these results were based on relatively
small samples, much smaller in any case than that expected from the JAO-PAU survey.
With the proposed survey implementation it will be possible to estimate the star formation
rate in galaxies based on the luminosity of the [OII]3727 emission line, an appropriate SFR
indicator (Kennicutt et al., 1998), up to z ≈ 1.2. Moreover, several important aspects as
the photometric calibration accuracy, the overall SED characterization and the extinction
correction can be addressed in better conditions than in most spectroscopic surveys.

Thus, the analysis of the survey data will allow to determine the SFH history of every
galaxy and, hence, the whole SFH, along z. In particular, the sensitivity of the survey to
emission lines to rather low EW values, will make it possible to determine in particular the
present star formation in each redshift bin. This aspect is crucial in many respects and, in
particular to help understanding the star formation halting mechanisms at the bright and
faint ends of the LF.
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Figure 2.16: Rest-Frame Color Magnitude Diagram for GEMS data, showing the effects
of the limits of the JAO-PAU survey at different redshifts. The top-left panel shows the
expected CM diagram at z < 0.2, well within the survey limits down to faint objects. The
galaxies classified morphologically as early type are represented with red solid circles, while
the classified as L-type are represented with green stars. The top-right panel shows the
expected diagram up to z = 0.5. In this redshift range it is still possible to observe the
CM dichotomy of galaxies, in spite of the lack of the detailed classification. The bottom-
left panel shows the expected diagram for z ∼ 1. Here only the brightest galaxies are
detected for both the E- and L-types. However, it is still possible to distinguish between
both groups. The bottom-right panel shows the CM diagram for z > 2 galaxies. Here
only the few brightest galaxies are detected and no information can be extracted on the
color-magnitude dichotomy
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The present SFR will be obtained from a detailed analysis of the SEDs. The detection
technique will be to fit them with single stellar populations that will be subtracted to the
data to show up even relatively faint emission lines. For the strongly lined galaxies a more
detailed analysis can be made, working out the line ratios. In particular, it will possible in
that way to distinguish between AGN and SF dominated objects, using a modified version
of the BTP diagrams. The selection of those galaxies without nuclear activity will allow
to determine the evolution of the cosmological star formation rate. Constraining the SFR
at every redshift is a crucial aspect to establish the star formation history of the Universe
and to confirm the presently known trend, or else. Moreover the classification of galaxies
by types and colors and by environment will allow to make the part of each class in the
sharing of the contribution to the total star formation rate. Some results have been already
presented by Wolf et al. (2005), based on the SDSS and GEMS surveys. We would like to
point out that we will be able to detect (through model SED fitting techniques) the post-
starburst galaxies, that are detectable for longer periods of time after the burst activity,
to include them in the total balance.

Finally, and for those same galaxies, it will be possible to estimate the metallicity on
the basis of calibrated indicators. For this objects it will be studied the metal enrichment,
and its connection with the star formation history, on the basis of the SED analysis.

Particular cases regarding the star formation problem will also be analyzed to under-
stand their weight in the total SFH. Among them:

A.- Blue Compact Galaxies (BCGs). The census of BCGs in this redshift range
is highly uncertain. Only limited surveys has been conducted up to know with criteria
mainly based on the intensity of the emission lines (Terlevich et al., 1991; Zamorano et al.,
1994). New results have been provided by the SDSS.

The proposed survey will reach 5 magnitudes fainter than SDSS, with high sensitivity
to spectral features in this kind of galaxies, what will result in a huge statistical data-set of
BCGs SEDs. Problems related with their origin, their star formation history, their actual
star formation rate, and the effect of galaxy clustering in their long term sustainability can
be addressed with the new data-set.

B.- Low surface brightness galaxies. These are particularly difficult to detect
in flux limited surveys based in broad-band imaging. It is known that these objects,
mostly undetected in such kind of surveys, show clearly up in emission line focused surveys
(Terlevich et al., 1991; Zamorano et al. 1994). This has lead to the assumption that these
objects are of mass density, high star forming rate objects.

This is however only a guess since it cannot be excluded that a considerable population
of low surface brightness galaxies without significant star formation has escaped to any
of the surveys. Although our survey is also flux limited, we consider that its depth will
increase considerably the chances to detect such objects. It may provide, for the first time,
with a complete sample of these objects to proceed with a less biases statistical analysis
of their morphological and SED properties.

C.- Galaxy mergers. Galaxy mergers is accepted as a key process to understand how
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galaxies are assembled and evolve. But there are still uncertainties on some basic aspects,
in particular on the events that a merging process can trigger (Laurikainen & Moles,
1989, Sánchez et al., 2005) or halt (Moles at al., 1994). Thus, it is generally admitted
that mergers of disk-dominated galaxies would end up as an spheroidal system, like it is
actually seen in some cases (Moles et al., 2004). However, simulations show that this could
occur only within a narrow range of the orbital parameters of the encounter (Steinmetz,
2002). Another widely assumed fact is that galaxy mergers do trigger strong star formation
processes and even star-bursting activity (e.g., Sanders & Mirabel, 1996). However, some
recent results seem to indicate that the star formation rate in galaxy mergers selected on
the basis of their morphology is not higher than in a control sample of undisturbed L-type
galaxies (Bergvall et al., 2003).

The roots of the controversy have to be found, in all probability, in the selection effects
that affect all the samples collected up to now. Since most of the Ultra-luminous Infrared
Galaxies (ULIRGs), and many of the luminous ones (LIRs) show clear evidences of a
recent merger event (Sanders et al., 1988) it was concluded that a direct connection exists
between merging and a burst of star formation. But, as already mentioned, the results
from Bergvall et al. (2003) indicate the contrary. In other words, while there is a link
between strong star formation and merging events, not all the galaxy mergers are followed
by strong star formation. In the same line a recent result by Wolf et al. (2005), indicates
that the contribution of the galaxy mergers to the overall cosmic star formation rate is
mild compared to that of the late type galaxies during the last 8 Gyrs of the history of the
universe.

This is therefore a matter of frequency and density of the merging-star formation burst-
ing processes. To disentangle the situation a large and homogeneous data-set is needed.
The JAO-PAU Survey will provide the appropriate samples to address those points and the
basic aspects of the star formation history of the Universe, up to z=1 (∼7.7 Gyr ago) at
least. Restricting to the local-nearby redshift slices, the resolution will allow to identify the
classical structures associated with a merging process, allowing to select groups of galaxies
in terms of the evolutionary stage of their last merging event: from undisturbed galaxies,
slightly disturbed galaxies, highly evolved mergers, to currently ongoing merging systems.
The spatially resolved SED would allow to determine the strength of the on-going star
formation (if any), and to trace the differences on the star formation history at different
locations of the galaxies, and in particular in the substructures associated with the merging
process. The comparison between the results obtained in the different groups indicated
above would allow to clarify the role of the merging process in the star formation history.

AGNs

As already indicated, one of the main features of the proposed survey is to provide resolved
SEDs as far away as z∼0.2 for typical size objects. Thus, the SED of the central regions (for
some aperture) can be identified and examined for the presence of any nuclear activity (see
Sánchez et al., 2005, for a description of the technique). For type I AGNs the identification
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Figure 2.17: Simulated SEDs of a QSO with the typical magnitude at different redshifts
(from Wisotzki, 2002). Even at very high redshift, with the proposed survey a typical QSO
would be bright enough to produce a high enough signal to give a high quality SED and
redshift

will be straightforward due to the characteristic spectral features, whereas for type II AGNs
it is going to be more complicated since, at the spectral resolution of the survey, they can
be confused with nuclear star forming regions or LINERs. For higher z values no spatially
resolved SED analysis is possible and only the bright AGNs can be seen against their host
galaxies in the integral SED. Thus, most of the results will be on the type I AGNs or
QSOs, as we’ll call them indistinctly (see Figure 2.17 for an illustration of the detection
capability of the survey).

Determining the frequency of AGNs in the nearby Universe and the study of its charac-
teristics like LF, AGN/Host luminosity ratio or spatial density will be an important result
by itself (Filippenko, 1989). The knowledge that we have now on these topics is based on
samples selected in spectroscopic surveys, necessarily shallower that the survey proposed
here, or in surveys in other wavelength ranges, like radio or X-rays. The sensibility of the
JAO-PAU survey to emission lines can produce a largely unbiased sample up to rather
faint limits that will be compared to the samples obtained from spectroscopic surveys in
the optical. The cross correlation with catalogs in other wavelengths will allow to address
very important aspects like, for example, how many of the X-ray selected type I AGNs
from the all sky ROSAT survey (Voges et al., 1999), are optically type I, and if not, why.
Indeed, an important question to elucidate is the frequency and nature of the so called
obscured AGNs.

It is important to establish the QSOs LF down to rather low luminosity limits to
answer questions like the density/luminosity evolution of QSOs, or to know their density
and frequency to address key questions like the role of the nuclear activity on galaxy
evolution and the molding of the general galaxy LF through feedback processes that can
halt (or trigger) the star formation in galaxies (González-Delgado et al., 2001). The relation
between the mass of the spheroidal component and that of the central black hole (BH),
strongly indicates the connection between the evolution of the central inner parsec regions
of a galaxy and its full scale. Indeed, if this relation was universal (what has to be proved),
the growth of the central BH mass should be followed by the growth of the overall bulge
mass. Even if the actual mechanism is not understood, it can be expected that active
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galaxies should present signatures of that growing process. Thus, the comparison of the
morphological and spectroscopic properties of the AGN host galaxies with the inactive ones
has been proved to be a fundamental technique to understand all these processes (Moles
et al. 1995; Sánchez et al., 2004). Some indications are already there, such as the fact
that AGN host galaxies are in the transition region between the two groups of galaxies
in terms of the color-magnitude-morphology dichotomy, with a considerable fraction being
blue luminous early-type galaxies.

The proposed survey will allow to attack this problem in a much larger scale than ever
before. In particular, at the redshift range were it’s still possible to resolve the galaxies, it
will allow not only to study the morphologies and SEDs of the host galaxies in comparison
with a huge sample of inactive galaxies, but it will also allow to study the spatial resolved
SEDs, in order to look for similarities or differences at different scales from the center. Such
a study has never been performed before with such a spatial and spectroscopic coverage.

As we said, up to z ∼ 0.2 it is still possible to decouple the host and nuclear components
in type I AGNs. Consequently, the Stellar population of the AGNs host galaxies
can be analyzed as for normal galaxies. This will allow to compare the basic morphological
and spectral parameters of the host galaxies with those of the inactive galaxies to try (i)
to identify the epoch when the galaxies become active, (ii) if there is any relation between
the star formation and/or the merger processes and the activity ignition and (iii) how
the AGNs match in the overall evolutionary paths of the different families of galaxies, in
particular, how the LF of active and inactive galaxies compare (Hamilton et al., 2002).

The host/nucleus decoupling technique will be applied to determine if the contamina-
tion by the host has a significant effect in the overall LF, in order to take into account
this correction for the higher redshift range, where this decoupling technique cannot be
applied any longer. Previous results have shown that the QSO luminosity and the space
density increase with cosmological time (e.g., Wisotzki, 2002). In our particular case we
can establish the degree of this increase with a much larger database than ever before.

We will apply a SED fitting technique to select type I AGNs (QSOs) on the basis of
the broadness of the permitted lines, without any consideration to the morphology of the
objects (point-like or extended) or the colors (blue or red). This will be possible up to
z ≈ 0.6, when Hβ is still sampled by the survey. The QSO sample derived using this
method over the proposed data-set would be unique in many senses. So far optical selected
quasar samples have suffered of a considerable number of biases, that have been never
circumvented. Selection in other bands, in particular in the X-ray have partially solved
this issue. However, to perform such surveys it was needed to select QSO candidates on the
basis of the hardness of their X-ray emission, and, by spectroscopic follow-ups, to confirm
the spectroscopic classification. This approach has the inherent and not always addressed
problem that to determine the X-ray properties of the type I AGNs optically selected QSOs
were use, with all the classical biases. It is therefore fundamental to perform such a QSO
selection on a large scale basis.

The luminosity of the so extracted type I AGNs will be used together with that of the
non resolved QSOs to construct the QSOs Luminosity Function. Having the AGN in
resolved galaxies is very important to avoid bias since those AGNs tend to populate the
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Figure 2.18: Redshift distribution versus absolute magnitude of the largest collection of
optical QSO surveys (Wisotzki, 2007). The red big dots indicate the expected detection
limit of the JAO-PAU survey, which is far beyond the detection limit of any precedent
QSO survey, in particular at high redshift

low QSOs LF end preferentially. We expect to have well defined complete samples of QSOs
selected on the basis of their characteristic spectroscopic features. By applying this selec-
tion technique we will be able to determine the evolution of the QSO luminosity function
unbiased by color or morphology selection to an unprecedented depth (see Majewski et al.,
1992, for a description of the problem).

The QSOs LF will be analyzed by redshift bins to analyze its evolution. Existing
studies have shown that QSO activity has a peak at redshift between 1 and 2, with a rise
of the number of bright QSOs from local universe to higher redshift. However, the QSO
LF is not well determined in the low low luminosity end, so it is still not clear whether the
overall fraction of QSOs rises at higher redshifts or the QSOs are just brighter there (see
Figure 2.18). The difference between the two different process will help to understand the
real physical event behind this observational result. It is particularly interesting to address
this problem due to the strong evidence of a link between the AGNs and the overall galaxy
evolution.

The space density of QSOs is not yet well determined mainly due to the lack of large
enough samples (see Figure 2.19). The JAO-PAU survey is going to provide the community
with an unprecedented sample to attack all those problems on a new basis.

The study of the SEDs of QSOs at different redshift ranges would also allow to determine
if there is any influence from the environment on their physical conditions. It is still not
clear if the QSO activity is a long lived process, or a periodic event in the galaxy history,
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Figure 2.19: QSO space density at different redshift, from Wisotzki (2002). Notice the
large error bars in the actual numbers derived at redshift higher than 2.2 or below 1. Most
of the error comes from the fluctuations due to the low number statistics. With the JAO-
PAU survey we will be able to restrict the space density evolution at this redshift range
with an unprecedented accuracy.

although the recent evidence point towards the second option. In that case a difference in
the SED of QSOs at different redshift ranges would trace differences in the central regions
of the galaxies. The results regarding the environmental dependency of AGN activity are
controversial (Moles et al., 1995). While studies based on radio-selected samples indicate
that QSOs lives in dense environments (e.g., Sánchez & González-Serrano, 1999, Best,
2004), those based on optical selections use to indicate the opposite (Kauffmann et al.,
2004). A fundamental problem of all these problems is the inherent biases in the selection
of the different kind of galaxies. However it is extremely important to solve this problem.

On the basis of the present hypothesis of QSO activity the two basic ingredients to
produce an AGN are a central supermassive black-hole and a gas supply from its neighbor-
hood. The relation between the masses of central BH and the galaxy bulge would make
us to think that AGNs should be more frequent in the densest systems, like Clusters of
Galaxies, where massive early-type galaxies are more frequently found. However this is
not the case, what could be linked to the fact that these galaxies are gas-poor objects.
Again, to disentangle the possible relation between QSO activity and environment appears
as crucial to understand the nuclear activity - galaxy evolution connection.
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Figure 2.20: Data adapted from the MUSYC Lyα survey showing the narrow-broad color
index along the narrow-band magnitude expected from the JAO-PAU survey. The plot
includes the objects detected in 1 square degree. The blue dots indicate the candidates to
Lyα, about 10 per square degree up to the detection limit

The high redshift Universe, z ≥ 2.2

At this redshift range the detection limit of the survey is far below the typical apparent
luminosity of galaxies, and only the brightest objects could be detected, either in the
continuum or in the emission lines. QSOs are particular sources that can be detected even
at very high redshift.

It is possible to identify a few specific science cases for this redshift range that can be
significantly addressed with the data of the JAO-PAU survey:

A.- Lyα emitters.
The Lyα line enters the first narrow-band filter at z ≈ 2. The density of Lyα emitters at

this redshift range that bright enough to be detected by our survey are not too abundant.
This is however partially compensated by the large covered area, so the total number of
emitters could be, after all, important and could allow for a significant statistical analysis.
Results from the MUSYC survey (Gronwell et al., 2007) indicate that the space density of
Lyα emitters brighter than AB = 23.5 is ≈ 10 per square degree at z = 3.1. On this basis
we can predict a total number of detected emitters over 80,000 at the same redshift. It is
also true that we will pick up only the bright end of the luminosity function, but we will
do it at an unprecedented quality (see Figure 2.20)

Lyα emitters at high redshift are interesting for many reasons, the most important
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being:

1. They trace the star formation rate of the universe at high redshift. It is a question
of debate whether the rise of the star formation observed from the local universe to
higher redshifts actually peaks at intermediate z-values or it keeps rising up to z =
2-3.

2. Lyα emitters at high redshift are thought to be the building blocks of collapsing
galaxies, protogalaxies, or galaxies in their early evolutionary stages. Therefore they
contain information on that crucial time of the galaxy evolution. In particular the
brightest ones, difficult to catch in the reduced field-of-view surveys normally car-
ried on in this kind of studies, could be of a particular interest for future follow-up
observations, aimed to understand the assembling of massive/luminous galaxies.

3. The detection of Lyα blobs or LABs. The existence of LABs was first reported by
Steidel et al. (2000). They are different from the standard Lyα emitters by their
angular size (up to ∼ 16

′′

). Their nature is still uncertain, and the few that have been
detected are being the subject of intense studies. They could well be large extended
emission line regions, although the ionization source is basically unknown.

4. High-z QSOs. As we indicated before there is strong evidences on the link between
the AGN activity and the overall galaxy evolution. In particular it seems that the
SFH of the universe and the space density of QSOs present a similar evolution along
the cosmological time, showing both a peak at z ≈ 1-2 (eg, Boyle & Terlevich, 1998;
Wisotski, 2002). However most of these results where based on strongly biases QSO
samples, and must be revisited. On the other hand it is still not clear how the QSO
luminosity function evolves. For both reasons it is an important issue to obtain
a large, statistically significant sample of high-z QSOs, in order to explore their
properties at that early epochs.

Despite of the clear importance of this problem the number of detected QSOs at high-
z are rather small, mostly due to the detection limit of wide field surveys. Thus, the
number of QSOs at z > 3 detected in the SDSS is of the order of 100 (eg., Carballo et
al., 2006). Considering that the proposed survey will provide with SEDs of any of the
detected objects, point-like or not, to a detection limit 3 magnitudes fainter than the
SDSS imaging survey and 5 magnitudes fainter than the SDSS spectroscopic survey,
and taking into account the known QSO LF, we expect to increase the detected
number by a factor of 100 at least, providing with a huge statistical sample of high-z
QSOs. The derived QSO sample would be useful not only to study the intrinsic
properties of these objects, but also to study the properties of interlopers, objects
that left absorptions marks in the spectra of these high redshift QSOs.

Among them the most frequents are Lyα absorbers, which nature is still under de-
bate, being most probably high-redshift galaxies or proto-galaxies with a high-density
neutral gas halo that produces the absorption (e.g., Goncalves et al., 2008). The sta-
tistical study of the distribution of Lyα absorbers has been proved to be relevant
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to trace the structure of the galaxies at high-redshift. They have been used also to
place limits to the cosmological UV ionization background, and to study the ioniza-
tion structure (due to proximity effects) of the QSOs themselves.

A particular family of Lyα absorbers is the so called Damped Lyα absorbers or
DLAs, which column density and impact parameters are such that the absorption is
saturated. It is possible to detect the emission counter-part of some of these objects,
which places limits to their nature (e.g., Christensen et al., 2004).

Identification of peculiar sources

Any of the different flavors of cosmological surveys (wide, deep, multi-band) will result
in the observation of many millions of objects, for which (at least) basic photometric or
spectrophotometric information will become immediately available. Within this sample
there will necessarily show up objects which are of interest for many different reasons.

An archetypical example of this is the discovery of bright, very high-redshift quasars in
the SDSS Catalogue. Sloan is not designed (by its photometric depth) to be a machine to
discover such high-redshift objects, but has nevertheless been able to grab the tip of the
iceberg (the bright end of the quasar luminosity function at high redshift). The very wide
area coverage, together with the accurate photometry in five different bands, has made
possible for the first time the selection of these quasars–they are recognized thanks to their
colors. Only the very brightest at high redshift enter the magnitude range of Sloan’s. A
deeper survey would search deeper into the Luminosity Function–we would not expect to
go further in terms of redshift, given that the features that render the spectrum noticeable
move into the near infra-red at z ∼ 7, which is in fact the present limit

Other sources that will be interesting to probe are, for example, the so-called EROs
(Extremely Red Objects). These are objects detected in deep optical or optical-NIR sur-
veys, that show extreme colors–the usual selection is (R − K) > 6. Approximately half
of the objects of this type that have been measured show features that correspond to red
galaxies, that host an old stellar population, even though they reside at redshifts z ≈ 2.
A second half corresponds to dusty starbursts at higher redshifts, a population that has
been linked to the Ultra Luminous Infrared Galaxies (ULIRGs)

Finally, other consequences of cosmological interest could be extracted from the cross-
correlation of the types of surveys here described with other independent Catalogues, as is
the case for all-sky radio surveys like FIRST or VNSS, or X-ray surveys of serendipitous
detections like AXIS. Many sources in those surveys have never been identified with a
unique optical counterpart (if such a thing exists), and would certainly benefit from a
deep, wide-area, multi-band survey like the JAO-PAU survey.
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2.6 The Galactic Populations of Clusters of Galaxies

Clusters and Superclusters of Galaxies are the most massive bound systems that can be
found in the Universe. They are the most conspicuous structures to witness the evolution
of galaxies in dense environments and the growing of the structures in the Universe as it
evolves. As such they have been studied and proposed to elaborate independent cosmolog-
ical tests that can help to understand the cosmic evolution and, even more, to verify the
adequacy of the gravitational law to explain how the structures form and evolve.

Given the average density of Clusters of Galaxies (CG) and the diversity of their evolu-
tionary status and properties at any redshift, very large surveys are needed to extract large,
homogeneous and well controlled samples. This way was in fact started by the pioneers as
Zwicky and later by Abell to make the first Catalogues of CG with well defined selection
criteria. Large recent surveys, in particular the SDSS, have allowed to identify hundreds
of new CG. Indeed, most of the Catalogues even now are photometric and the clusters
are identified basically as overdensities in some regions of the survey. Only recently the
identification through X-ray observations or by the SZ effect has started to be applied even
if they are mostly used to observe already known CG.

Here we are going to consider CG from the point of view of their galactic content,
leaving for the next section the discussion of their use as cosmological probes. In this case
two main aspects have to be considered: the identification of CG in the survey, and the
identification of its member galaxies. Once this is done the properties of the galaxies in the
CG will be analyzed along the same lines described before. They will be compared with
the field galaxies to scrutinize any difference that could be related to the environmental
influence.

The characteristics of the JAO-PAU survey are close to optimal for the study of the
galaxies in CG. First, it is a very large area survey, that will allow for the detection of a
very large sample of CG candidates. Second, the detailed galactic SEDs and good z (at
the required level) estimation will allow for the membership assignment of many galaxies,
either from their photometric properties and/or their redshift. We remember here that it
is expected to reach ∆(z)/(1 + z) = 0.0035 for a L∗ galaxy at z = 0.9 and much better
for brighter and/or closer galaxies. And that the survey is deep enough to sample down
to M∗ + 3 at z = 0.5. We intend to use the results from the WINGS project (Fasano et
al., 2006) for northern clusters to gauge the kind of results that can be achieved with the
JAO-PAU Survey.

Regarding the methods to identify clusters in surveys there are different proposals.
They have been mainly developed for photometric surveys with no (or too rough) redshift
estimation. Looking at overdensities has been a most used method. Some developed
variants are the filter matched method proposed by Postman et al. (1996), the method
based on Voronoi tessellation proposed by Kim et al. (2002; see also Ramella et al., 1999;
2001), or the surface brightness fluctuation method proposed by González et al. (2001).
On a different vein, Bladders & Yee (2000) proposed to identify the red sequence in the
(bimodal) distribution of the galaxies in the color-magnitude diagram to select clusters.
They showed that this method can be applied in the redshift range 0 ≤ z ≤ 1.4. They
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also showed that the average color of the red sequence and its scatter do not change with
the environment. However, the fraction of red galaxies does, being much smaller in low
density clusters. This can introduce a bias against the poor clusters. Even so, Bladders
& Yee concluded that the red-sequence method works correctly for clusters with richness
class ≥ 1.

Given that the LRGs are the target for the BAO measurements, this last method will
be widely used in the JAO-PAU Survey to identify clusters. Of course, knowledge of the
redshift with the expected accuracy adds a crucial information to the data, and will be
use to make the methods more robust and accurate. The determination of the optimum
method and its comparison with other proposals will be a matter of research in the next
years prior to the start of the survey.

The identified CG will be looked for in X-ray Catalogues. In this way, apart from the
obvious confirmation of the detection, it is possible, together with the redshift known from
the JAO-PAU survey, to estimate the mass and elaborate a CG Catalogue with different
CG types down to fossil groups. These are groups with strong X-ray emission and a massive
central galaxy but with only very few galaxies with luminosity around M∗. This lack of
bright galaxies could be due to evolution where the central galaxy has cannibalized all the
bright galaxies around. They are considered as very evolved CG.

2.6.1 The properties of Cluster Galaxies

Studies of well defined samples of local clusters like ENACS (Katgert et al., 1996) or
WINGS (Fasano et al,. 2006) or studies for clusters up to z∼0.4 extracted from the SDSS
(Aguerri et al., 2006) or from limited samples (Ascaso et al., 2008) have been able to
characterize the cluster galactic population down to M > M∗+2, in a systematic way up
to z = 0.1 and less systematically up to z = 0.4. The knowledge is very limited for higher
redshift clusters with important efforts going on like EDISC that intends to provide data
in the range 0.4 <z <1. Neither is there systematic information for fainter galaxies or even
less for dwarf galaxies.

The JAO-PAU survey, as it is defined, can provide fundamentally new and relevant
data, SED and z for all detected galaxies, and it will be deep enough to detect faint and
even dwarf galaxies up to relatively high z values. At z = 0.5 all the galaxies with M <
M∗+3 will be detected and measured, over all the surveyed area. With such a database
all the aspects related to the properties of cluster galaxies will be analyzed following the
same lines as described before, and compared with those of galaxies in looser structures or
in the general field. Systematic studies will be possible up to rather high redshift and the
overall evolution of the cluster galaxies can be traced.

Clusters, even nearby ones, are now known to be dynamically active, far from being well
relaxed systems. In general terms they are continuously accreting galaxies and growing,
and their galaxies are frequently involved in interactions that can transform their proper-
ties. Only the most massive or the densest, central parts of the CG can be considered as
virialized. In fact, as discussed later, the mass distribution of CG along the redshift is a
key cosmological test that, combined with other tests, can place constraints in the DE and
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even probe the theory of gravitation.

The effect of the environment on the evolution of galaxies has been considered since
the work by Oemler (1974). It is now a well established result that the densest parts of the
clusters are preferentially populated by early-type galaxies (Oemler, 1974; Dresler, 1980;
Fasano et al., 2000), at least in the closer clusters. Galaxies in clusters also tend to be dryer
than in the field, and to show lower star formation rates (Pimbblet et al., 2002). Indeed,
these are general trends with an important dispersion around the average, as shown in
the quoted references. It is also well known that E-type galaxies in clusters satisfy a tight
magnitude-color relation, the red sequence. This relation is well satisfied until z∼ 0.4 at
least (Ascaso et al., 2008 and references therein) with evidences of being satisfied even at
higher redshifts. But there are also evidences for the evolution of the general properties of
the cluster galaxies. In particular, the presence of Fe in the X-ray emission of the clusters
with abundances that are similar to that in the galaxies indicates that part of this gas
at least has been processed in the galaxies by the stars (Bahcall & Sarazin, 1977). This
is a strong indication of the particular evolution of the galaxies in dense environments
like clusters. In such dense environments the galaxies are affected by special mechanisms
different from the purely self-gravitational evolution of field galaxies. Cluster galaxies
can rapidly evolve through galaxy-galaxy or galaxy-intracluster gas interaction, or by the
influence of the cluster potential (Moore et al. 1996) producing gas loses (Cayate et al.,
2000), gas redistribution (Quilis et al., 2001) or even morphological evolution (see Fasano
et al., 2000 and references).

There a number of known trends that has been established, even if the statistical basis
is still insufficient.� Galaxy morphological evolution in clusters

The analysis by Fasano et al. (2000 and references therein) shows the increasing of
the S/S0 galaxy ratio with z, indicating a transformation from S to S0 galaxies along
the time and even at relatively low redshift, at less for clusters with a high fraction
of E-type galaxies. This result rests on the visual classification of galaxies and is
referred to a small number of CG. The coverage of the JAO-PAU survey will allow
to have a very large sample with all the needed information. For z ≤ 0.1 it will be
possible to have a detailed morphological classification to analyze this problem. The
SED information will be also considered to help to understand the classification of
galaxies and to complement with the information on the stellar populations. The
possibility to detect emission lines will also help to the classification task.� Accretion of field galaxies by the CG

There is increasing evidence about the capture of field galaxies by CG and its sub-
sequent morphological and stellar population evolution. In that way, field L-type
galaxies might be captured by the gravitational potential of clusters, suffering an ini-
tial star formation burst after the compression of the gas by the tidal forces, followed
by a gas stripping process caused by the warmer intra-cluster gas (Poggianti et al.,
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1999, Sánchez et al., 2007). This process could have been much more frequent at
higher redshift.

The study of this phenomenon and of its importance at different z values has been
very limited up to now due to the need for very large fields to analyze nearby clusters,
and the need for accurate enough redshift to locate the candidate galaxies. The JAO-
PAU project will provide the data necessary to analyze the problem in a systematic
way, with the added value of the detection of emission lines in the in-falling galaxies
down to a few Å EW.� The Butcher-Oemler effect

The evolution seems to go from L-type (cluster or incoming field) galaxies, blue
objects, to E-type, spheroidal, red systems. This can be visualized by comparing the
blue/red fraction at different redshifts. Butcher and Oemler (1983, 1984) found that
this fraction was mildly increasing up to z ≈ 0.17. Subsequent studies have shown
that the scatter from cluster to cluster is very important and can even dominate over
any existing trend. This is the case for the clusters analyzed by different authors up
to z ∼ 0.4 (Aguerri et al. 2007; Ascaso et al., 2008, and references).� The faint/bright galaxies ratio in CG

The standard scenario of galaxy formation predicts the growing of galaxies by accret-
ing smaller pieces. If so, the faint/bright fraction should change along the redshift.
CG are good laboratories to search for those effects. Results up to know are not
conclusive (see Ascaso, 2008).� L-type galaxies with red stellar populations

Another observational result indicates the presence of a fraction of morphological
late-type galaxies with redder stellar populations, the k+A galaxies, which were
interpreted as galaxies with a truncated star formation history due to a gas stripping
process suffered when they entered the cluster. It is still necessary to characterize
the phenomenon and to determine the relative importance of these populations and
its frequency, in connection with the analysis of the in-falling galaxies. It is also
interesting to determine if this effect, even if at a lower degree, is also present in less
dense galaxy groups, or a strong gravitational potential is needed to produce it at a
significant scale.� The cluster galaxies LF

With the information provided by the survey it will be possible to construct the LF
for the different galactic families and for CG by bins in total mass. It will be analyzed
in narrow redshift ranges to estimate (i) the variance of the LF (for a given cluster
mass range) and (b) the trend with z. Direct comparison with the LF (built in the
same way) for field galaxies will allow to show up the differences and how they evolve
with time.
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It is important to analyze the LF for different galaxy types. Given that the morphol-
ogy seems to evolve with z, this is an important aspect to control in order to extract
physically sounded conclusions on LF(z).

For increasing redshifts the LF will be sampled for correspondingly brighter galaxies.
In any case, we recall here that at z = 1 the survey will still provide galaxies down
to M ≥ M∗.

An important aspect of all the studies related with the cluster galactic population is the
large variance of any of those indicators. The cluster-to-cluster differences are so large that
it can be dominant over any possible trend. To tackle this aspect very large samples, with
detailed information about the galaxies are needed. The JAO-PAU survey will provide
them, including the SED and z for all the detected galaxies.

The data will also be used, as discussed later, to determine the clustering scale of
galaxies at different redshifts, an important parameter in cosmological studies.
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Figure 2.21: The two slices that conform the 2dfGRS showing the galaxy distribution up
to 400 h−1 Mpc. The left slice lies in the direction close to the North Galactic Pole, while
the right one points towards the South Galactic Pole. From Mart́ınez, 2008

2.7 Large Scale Structure and Cosmology

2.7.1 The Large Scale Structure of the Universe

The characterization of the distribution of galaxies can start to be established on a firm
basis with the accumulation of 3D data, i.e., catalogues including the redshift information.
The CfA survey (de Lapparent et al., 1986) extended to 150 h−1 Mpc and could reveal
the existence of large structures. Presently, deeper wide field surveys like the 2dFGRS,
extending up to 400 h−1 Mpc show the filamentary structure of the galaxy distribution,
with large concentrations and big voids (see Figure 2.21). The SDSS survey, limited to r =
17.77 mag, covers an area five times that of the 2dFGRS and represents the more complete
coverage of the nearby Universe (see Figure 2.22).

We have already considered different properties of galaxies such as the bimodal dis-
tribution of galaxies in the color-magnitude plane, or the morphology-density relation or
even the influence of the environment on the SFR. All those properties can be considered
from such 3D surveys. The JAO-PAU survey, with the stated z accuracy, will provide
deeper and more extended samples that ever before allowing for detailed studies along the
redshift.

The central goal of the JAO-PAU survey is the BAO, a feature of the LSS of the
Universe. As Nichol (2007) has pointed out, measuring BAO is equivalent to determine
the correlation function in the tangential and radial directions. The project is described
in the section of Cosmology.



2.7. LSS AND COSMOLOGY 75

Figure 2.22: The top diagram shows two slices of 4o width and depth z = 0.25 from the
2dFGRS, from Peacock et al. (2001). The circular diagram at the bottom has a radius
corresponding to redshift z = 0.2 and shows 55,958 galaxies from the SDSS survey, from
Loveday (2002). As an insert, the first CfA slice is shown to scale. From Mart́ınez, 2008
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Figure 2.23: Recreation of the shear induced by the distribution of matter over the images
of background galaxies. Image credit: S. Colombi (IAP)-CFHT Team. From Mart́ınez,
2008

Galaxies are biased tracers of the matter distribution, which bulk is the Dark Matter.
Detecting its presence and analyzing its distribution is becoming possible with surveys
trying to measure the weak gravitational lensing produced by the DM. Some surveys have
recently been designed to study the slight perturbations induced over the morphology of
the general galaxy population by the density fluctuations of matter crossed along the lines
of sight. These perturbations can be studied statistically, to induce from them the matter
distribution and its evolution with redshift–including of course dark matter, given that
its gravitational effect is the same as for regular matter (see Figure 2.23). Two pieces of
information are crucial: the first one, of course, is very high-quality imaging of the galaxies,
given that the morphological effects are tiny over any individual galaxy. The second one is
an accurate measurement of the redshift distributions of the lensed and lensing objects, that
will allow for a precise evaluation of the gravitational effects. The Javalambre Telescope,
even if not optimized for high-resolution imaging (the scale is 0.4

′′

/pixel), can produce good
images given the good seeing statistics. In any case, it will deliver photometric redshifts
of individual sources, and the redshift distribution of the population as a whole in any
given direction. This information can be very important to improve the quality of the
measurements of a dedicated gravitational lensing survey.

The JAO-PAU is going to produce an important data-set to study the LSS as traced
by galaxies. The detailed information on each galaxy and an accurate enough redshift
value to place it in the 3D space will allow for the characterization of the LSS and its
evolution with z. The z resolution will be enough to trace the main features of the LSS. In
particular, they will also allow for the measurement of the two-point correlation function,
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dependent on both redshift and type. It is well known that early- and late-type galaxies
cluster differently, and hierarchical galaxy formation models imply that the time evolution
of such clustering will also be different.

And, central to the project, it will possible to detect and to measure the Baryonic
Acoustic Oscillations (see Figure 2.24) and the evolution of its position with cosmological
time, one of the most promising methods to analyze the nature of Dark Energy as discussed
in the next section.

Figure 2.24: Detection of the BAO peak in the SDSS survey, compared to several cosmo-
logical model predictions. Image credit: C. Bennett, Nature.

2.7.2 Cosmology

As pointed out in Chapter 1, the main conclusion of the Peacock et al (2006) report was the
urgent need for survey capacities in both, the NIR and the optical ranges. The Javalambre
telescope is being defined to satisfy that requirement in the optical. Its initial survey,
presented in Chapter 2, will be devoted to study the nature of the Dark Energy. The main
characteristics of the Survey has been presented in the first section of this Chapter. Here
we briefly explain the main aspects of the problem and the way we propose to attack it.

2.7.3 Dark Energy and the JAO-PAU Survey

Despite the successes of the cosmological model in the last two decades, the discovery
in 1998 of the accelerated expansion of the universe posed a fundamental challenge to
fundamental Physics. Their observation, confirmed by many other studies, implied three
possibilities: a) the universe was dominated by a particle of field with negative pressure;
b) there was, after all, a cosmological constant or c) General Relativity is not the physical



78 CHAPTER 2. THE SCIENCE CASE

theory to describe the universe as a whole. Any of these options would dramatically change
the current Physics paradigm and therefore the study of the nature of Dark Energy (DE)
is considered one of the top scientific questions of our time.

Following the Dark Energy Task Force report (Albrecht et al., 2006), four major ap-
proaches to investigate the nature of the DE can be identified:

1. Supernova Surveys
2. Baryon Acoustic Oscillations
3. Cluster mass function
4. Weak lensing
All these methods basically try to measure two underlying quantities, which strongly

depend on the DE equation of state.
a) The Hubble parameter H(z) which describes the expansion of the universe as a

function of redshift (1,2,3,4)
b) The growth factor g(z), which describes the evolution of mass perturbations (3)
The Javalambre telescope is a formidable tool to carry out a world-class survey following

any of these lines. The implementation of the survey will be optimum to produce relevant
data for lines 2, the central goal, 3 and 4.

A.- The Baryonic Acoustic Oscillations

As stated, the initial Javalambre Survey is defined to satisfy the requirements set by the
PAU collaboration to measure the Baryonic Acoustic Oscillations, BAO, in both, tangential
and radial directions. The main characteristics of the Survey were already presented at
the beginning of Chapter 2. We discuss here the goals and requirements to get the desired
results. This part has been elaborated borrowing the arguments and figures from Beńıtez
et al., (2008b), where the scientific basis and arguments are developed and the survey
presented.

BAO has been signaled by the Dark Energy Task Force Report as one of the most
promising techniques to constrain the equation of state of the DE, parameterized as w =
−p/ρ. BAO are produced by acoustic waves in the photon-baryon plasma generated by
primordial perturbations (Eisenstein and Hu, 1998). At recombination (z ∼ 1100), the
photons decouple from the baryons and start to free stream, whereas the pressure waves
stall. As a result, baryons accumulate at a fixed distance from the original overdensity.
This distance is equal to the sound horizon length at the decoupling time, rBAO. The result
is a peak in the mass correlation function at the corresponding scale. First detections of this
excess were recently reported, at about three standard-deviations, both in spectroscopic
(Eisenstein et al., 2005; Percival et al., 2007; Hütsi, 2006) and photometric (Padmanabhan
et al. 2007) galaxy redshift surveys (see Figure 2.24).

The comoving BAO scale has been determined by CMB observations, rBAO = 146.8 ±
1.8 Mpc (for a flat ΛCDM Universe, Hinshaw et al., 2008), and constitutes a “standard
ruler”. The existence of this scale, measurable at different redshifts, makes it possible
to probe the expansion history of the Universe, and thereby the DE properties and the
Universe geometry (see, e.g., Glazebrook et al., 2007 and references therein). It appears as
a power excess in the galaxy-galaxy correlation function at that scale with a characteristic
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intrinsic width of ∼15 Mpc/h at z=0.5. To obtain the maximum information it has to be
measured not only on the plane of the sky but also radially, to get information on H(z).
Thus, precise enough redshifts are needed to avoid the smearing out of the peak. The
second condition is to sample large enough volumes to beat down the sampling errors to
the desired level.

The first condition is generally interpreted as implying the implementation of spectro-
scopic surveys, whereas the second would plaid for photometric surveys. We show that the
needed accuracy in z can be achieved with photometric surveys. If so, the survey can accu-
mulate all their advantages: different families of objects can be used to look for BAOs, the
density of detected objects is very high, the survey can be deeper and the bulk of collected
data is of the highest importance for many other fields of Astrophysics, as indicated in the
previous sections of this Chapter.

The requirement in terms of redshift accuracy is basically defined by the width of the
BAO signal. It corresponds to a redshift resolution of ∆(z)/(1 + z) ≤ 0.0035. A goal that,
taking into account the experience with previous intermediate or narrow-band surveys
(ALHAMBRA, COMBO-17) appears as feasible.� A.- Errors in the BAO scale

The objective is to measure the parameter w to the few percent level. In Figure 2.25
the relative change in δrBAO as a function of the relative changes in w, normalized to
the to w = −1 case, is presented for different redshifts. As can be seen in the figure,
a 1% error in ∆BAO (our goal) at z ≃ 1.0 results in a ≃ 4% uncertainty in w, but
the precision varies with redshift in particular in the angular distance, whereas it is
more uniform in the radial distance.

This illustrates the advantage of having a good radial measurement. Angular dis-
tances provide a good geometrical test, while radial distances tell us directly the
instantaneous expansion rate. In addition, comparing relative sizes of the BAO fea-
ture when measured parallel and perpendicular to the line of sight will provide us
with a consistency test.

The impact of different factors, including the redshift uncertainty, is shown in Fig-
ure 2.26. Overall this figure illustrates how the image is degraded both by peculiar
velocities and redshift errors. Comparing the middle panels, it is evident that redshift
errors produce, on average, much stronger distortions than peculiar velocities.

The effect of different photo-z errors in the two-point correlation function is presented
in Figure 2.27. It clearly appears that it is possible to recover the actual BAO shape
for errors ≤ 0.003(1 + z). Larger errors erase the BAO bump and will result in
the loss of cosmological information. The change can be roughly quantified by the
ratio between the amplitude of the BAO peak and that in the valley. It is seen
(Figure 2.28) that this ratio is about 1.8 in real space with no photometric errors
and decreases smoothly to 1.5 as we increase the error towards 0.003(1 + z). For
larger errors, this ratio decreases more rapidly an gets all the way to unity from
0.006(1 + z) on. This does correspond to the first guess based on the actual width of
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Figure 2.25: Relation between the change in the dark energy equation of state parameter
w, and its effect in the measured BAO scale, ∆BAO. Changes are shown in percent, relative
to the w = −1 case. Top panel corresponds to the radial distance: ∆L

BAO = ∆H(z)/H(z).
Bottom panel shows the angular diameter distance: ∆T

BAO = ∆dA(z)/dA(z). The different
lines correspond to z = 0.3 (continuous), z = 0.6 (short dashed) and z = 1 (long dashed).
In all cases Ωm = 0.25 and flat universe are assumed. From Beńıtez et al. (2008b)
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Figure 2.26: Systematic effects in the lightcone. The panels show a 1 Mpc/h thick section
of the lightcone distribution in MICE3072 in comoving coordinates. The two bottom panels
corresponds to the actual dark matter distribution in the simulation in real (bottom) and
redshift space (upper panels). The top two panels also include a (Gaussian distributed)
photo-z error distortion of σz = 0.003(1 + z), as expected from PAU galaxies, and an
order-of-magnitude worse case, σz = 0.03(1 + z). The BAO scale is shown by a section of
circle with radius 100 Mpc/h around the observer. From Beńıtez et al. (2008b)
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the peak, that amounts to 0.003(1 + z) in redshift. This estimate agrees with other
considerations based on counting the number of modes in 2D and 3D surveys and
the work of Glazebrook et al. (2007).

According to the 3D analysis presented in Beńıtez et al. (2008b) the relative error
in the BAO scale is approximately equal to the inverse of the square root of the
number of independent regions of size r3

BAO that are sampled by our survey, and
it is quite robust in front of close to optimal photo-z errors and nonlinear effects.
For V ≃ 10h−3 Gpc3 we get about ∆BAO ≃ 0.5%. The above estimate is in good
agreement with Table 2 in Angulo et al. (2008) and with the analysis by Blake &
Glazebrook (2003) and Seo & Eisenstein (2003).

If we limit ourselves to optical surveys of LRGs, we have z . 1. To get to V ≃ 10
h−3 Gpc3 we will have to map of the order of 8000 sq. deg. There are roughly two
million LRGs with luminosity L above the characteristic galaxy luminosity L⋆ in
1000 sq. deg. at z < 0.9 with magnitude IAB < 22.5 (Brown et al., 2007). However,
not all galaxies in a given volume need to be measured as long as n̄P > 3, so that
shot noise is sub-dominant. We will show below that it is in fact possible to get to
n̄P & 10 with the subsample of PAU LRGs that have good quality redshifts.� B. How to get the required accuracy in z. Survey Simulations

The main distinctive feature of the JAO-PAU survey is the use of photometric infor-
mation to achieve the highly accurate redshift measurements needed to characterize
the line-of-sight BAO signature. According to the preceding considerations what is
needed is to reach reach σz/(1 + z) ≃ 0.003 for a galaxy population with a space
number density which satisfies n̄P (k) & 3. The obvious candidates, in terms of
luminosity, density and characteristic spectra are the Luminous Red Galaxies, LRG.

Previous surveys have shown that relatively high z-accuracy can be achieved with
intermediate band filters. COMBO-17 reaches σz ∼ 0.02(1+z) for the general galaxy
population (Hildebrandt et al., 2008), and has σz ∼ 0.0063 for the bright ellipticals
in the Abell 901/902 superclusters. Taking into account the velocity dispersion of
the cluster the authors infer an intrinsic photometric accuracy close to 0.004(1 + z)
(Wolf et al., 2003).

Beńıtez et al., (2008a; see also Moles et al., 2005) have shown that the most effective
way of reaching high photo-z precisions is using a system of constant-width, con-
tiguous, non-overlapping filters. The ALHAMBRA survey (Moles et al., 2008) has
implemented such a system with 300 Å intermediate-band filters, and preliminary
results show that it is possible to get close to 0.01(1 + z) photo-z accuracy for the
general galaxy population, with an expectation of significantly higher accuracy for
such an homogeneous class of objects as the LRG. This is also the case for the SDSS
LRG (D’Abrusco et al., 2007; Oyaizu, 2008).

It seems therefore reasonable to suggest that a precision a few times better than
0.01(1 + z) can be reached for the LRG population with filters that are three times
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Figure 2.27: Smearing of the BAO signature due to photometric redshift errors. The
circles denote the two-point correlation function from halos with M > 3.7 × 1013 h−1 M⊙

in a MICE simulation of 27 h−3 Gpc3 volume. The dashed line is the linear correlation
function scaled with the linear halo bias (b = 3), while the black solid line corresponds to
the nonlinear prediction given by Crocce& Scoccimarro (2008). Their difference shows the
degradation from nonlinear clustering. The triangle (red), square (blue) and cross (green)
symbols show the effect of a Gaussian error degradation of (σz/(1 + z) = 0.003, 0.007 and
0.03, respectively). The solid lines are the analytical predictions. The bottom panel shows
a zoom over the peak region. From Beńıtez et al. (2008b)
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Figure 2.28: Ratio of the power spectrum measured at z = 0.5 in the simulations to
a smoothed version of the same spectrum for dark matter (top panel) and halos of mass
M ≥ 4.7×1012 h−1 M⊙ (bottom panel). TThe resukt ia analogous in space and for different
galaxy populations. From Beńıtez et al. (2008b)
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narrower than those of ALHAMBRA, and about 2-3 times narrower than the medium
band filters in COMBO-17 (which do not fill the optical range contiguously).� S/N considerations from the photometry

Simulations were carried out as discussed in the first section of the present Chapter.
We intend to show now that we the conditions defined there the required S/N can
be reached to get the desired photo-z accuracy with filters about 100 Å width.

The best way of measuring accurate colors for photo-z is using relatively small isopho-
tal apertures (Beńıtez 2004) which maximize the S/N of the color measurements,
despite the fact that such an aperture leaves out a large amount of the flux, and
they are therefore not optimal for other scientific purposes. In our S/N estimations
we assume that we will use 2 arcsec2 apertures. LRGs are extended objects, and it
is therefore necessary to calculate which is the fraction of the total flux which falls
within the reference aperture. For this we use the data on galaxy sizes and their
evolution provided by Brown et al. (2007), assuming, as they do, that galaxies can
be well represented by a de Vaucouleur profile. The correction ranges from 1.5 mags
at z=0.1 to ≈ 0.5 for z > 0.7.

To simulate our observations we have redshifted and integrate under the correspond-
ing filter transmissions the spectrum of a typical LRG galaxy. Then we have applied
the Bayesian photometric redshift method (BPZ) described in Beńıtez (2000) to try
to recover the input redshift. Obviously, in the real world we will not use a single
template for all LRGs between 0 < z < 0.9 since their spectra are known to vary with
redshift and luminosity (Eisenstein et al., 2003; Cool et al., 2006). We will discuss
this aspect in the next subsection. Meanwhile, to isolate the effect of the photometric
errors, we consider a unique LRG template corresponding to z < 0.5 galaxies. The
galaxy colors were generated following the work by Eisenstein et al. (2003). We also
added a 2% noise to represent the expected scatter in the zero point determination
across the survey.

With a single template, there is no point in using a prior, but the Bayesian framework
still remains useful: it produces the so called “odds” parameter, a highly reliable
quality indicator for the redshift estimate. In Figure 2.29 we plot the scatter diagram
corresponding to the quantity (zphot − zs)/(1 + zs), where zs stands for the input
redshift, as a function of the odds parameter, together with the rms corresponding
to each value of the odds. We can see that if the objects with low odds values
are excluded most of the redshift outliers are eliminated. The effectiveness of this
technique has been often validated with real data (Beńıitez, 2000; Beńıtez, 2004;
Coe, 2006). This is illustrated in Figure 2.30 where objects with odds ≤ 0.55 have
been eliminated.

The resulting redshift and number count distributions are plotted as solid lines in
Figure 2.33 and Figure 2.34, whereas in Figure 2.31 the achieved accuracy as a
function the of redshift. It is clear that the measurements are below the 0.003(1+ z)
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Figure 2.29: Photometric redshift error as a function of the Bayesian odds. Note that a
cut at odds = 0.55 eliminates most of the objects with high redshift errors. For the sake
of clarity, only one in every five points is plotted. The solid line corresponds to the rms of
∆z/(1 + z) for each value of the odds. From Beńıtez et al. (2008b)

limit for all our redshift range. Finally, in Figure 2.32 the number density of all the
galaxies, and of those with high-quality photo-z as function of redshift is plotted.

The main conclusion from those simulations is that it is possible, with the proposed
Javalambre Telescope and Survey, to have a spatial density of n̄ > 10−3 (h/Mpc)3 in
the redshift range z < 0.9, with the required redshift accuracy of σ(z) ≤ 0.0035(1+z).
Since P (k) > 104 (Mpc/h)3 for LRGs (see eg. the Figure 4 in Tegmark (2006) and
k < 0.2 h/Mpc, we will have n̄P (k) > 10 for the k range of interest for BAO, so that
shot noise will be negligible and the BAO signal will be significantly detectable.� The templates: Intrinsic galaxy variability

Another source of uncertainty, apart from the photometric errors, is the intrinsic
variability of galaxy spectra around its average, even within such a homogeneous
class as LRGs (Cool et al, 2006, Eisenstein et al., 2003). This aspects have to be
taken into account to get the desired accuracy. It is well known that LRG galaxies
with L > 2.2L⋆ are a remarkably homogeneous class. At a fixed redshift, they
form a red sequence, which varies slowly and regularly with absolute magnitude and
environment. LRG galaxies in the red sequence present a scatter of only a few percent
in the color defined by a pair of filters spanning the 4000 Å break. Therefore, if we
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Figure 2.30: Scatter plot comparing the normalized difference between the photometric
redshifts and the “true” input redshifts zS. The red points are eliminated by the odds <
0.55 cut. For the sake of clarity, only one in every five points is plotted. From Beńıtez et
al. (2008b)

Figure 2.31: Photometric redshift error as a function of redshift, for all L > L⋆,I < 23 red
galaxies, and for the subset with high quality photo-z. From Beńıtez et al. (2008b)
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Figure 2.32: Spatial density as a function of redshift, for all L > L⋆,I < 23 red galaxies,
and for the subset with high quality photo-z. From Beńıtez et al. (2008b)

know the absolute magnitude of a LRG and the richness of its environment, we can
predict its broad band colors with a precision of at least σg−r ≈ 0.035 (Cool et al.,
2006).

Thus, to refine in this aspect it can be assumed that it is possible to split the LRG
family into subsamples such that for each of them we can define an empirically
calibrated template which correctly represents the average galaxy colors for that
galaxy subsample. Using standard photo-z techniques (Beńıtez, 2000) we reasonably
expect to be able to determine the redshift and spectral type of our galaxies in a
preliminary pass to within 0.01(1 + z), with uncertainty on its absolute magnitude
σM ∼ 0.15 (for the working redshift interval, z < 0.9). This is enough to ensure that
we can pin down the required template for each galaxy with large certainty.

It is not clear however, which are the actual variations in the spectral shape of LRGs
behind this broad-band scatter. The SDSS spectrophotometry is not good enough
to accurately characterize this phenomenon, so a different approach is needed. This
aspect has been discussed in Beńıtez et al. (2008b) to conclude that the rms around
the D4000 central value (1.81) amounts to 6%.

There are two caveats to consider in this respect. First, there are no spectroscopic
data with good enough spectrophotometric calibration for LRGs in the redshift range
of interest. The intrinsic variation of the galaxies was estimated from existing data as
described in Eisenstein et al. (2003). Second, this study only covers the 3650−7000Å
range, so it is in fact assumed in the simulations that there is no template variation
outside this range. It is true that most of the redshift information for the galaxies
is in practice in this interval, especially at high redshift. Therefore it is considered
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Figure 2.33: Differential number counts distribution of L > L⋆ red galaxies. From Beńıtez
et al. (2008b)

that the possible uncertainty from the scatter of the intrinsic colors and spectral
properties of the LRG is well included in our previous simulations (se the quoted
reference for a more detailed discussion).

There are several surveys planned or starting to get measures on the DE problem.
Details of the survey characteristics are taken from public sources and are summarized in
Table 2.2. See Beńıtez et al. (2008b) for the details.

A last word about the photometric calibration accuracy of the survey. Summariz-
ing the discussion in the quoted reference, for a flux limited survey, a magnitude calibration
covariance across the sky ∆m(θ) will result in angular density fluctuations δ(θ).

Since the BAO scale projects at angles between 3.7 and 1.7 degrees for redshifts between
z = 0.4 and z = 1.0 (smaller redshifts cover a negligible volume), not too far from the actual
FoV of the detector, special care should be taken. As shown in Beńıtez et al., (2008), for
these scales the calibration should be better than 2% to 3% for the whole (flux limited)
sample (mean z ≃ 0.7). These constraints become looser when the sample is split into
redshift bins since the amplitude of clustering increases as we reduce the projected volume.
The detailed constraints are shown in Fig. 2.35.
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Figure 2.34: Redshift distribution of L > L⋆ red galaxies. From Beńıtez et al. (2008b)

survey z range Galaxies Tracer Area Volume Radial Time scale
deg2 (Gpc/h)3 information

WiggleZ 0.3 < z < 1.2 2.8 × 105 ELG 1000 2.04 yes 2007-09
BOSS-LRG 0.2 < z < 0.8 1.5 × 106 LRG 10000 8.06 yes 2009-14
HETDEX 1.8 < z < 3.7 1.0 × 106 LAE 200 1.91 yes ?

WFMOS-ELG 0.5 < z < 1.3 2.0 × 106 ELG 2000 4.47 yes ?
WFMOS-LBG 2.3 < z < 3.3 6.0 × 105 LBG 300 1.53 yes ?

PS1 0.3 < z < 1.5 5.0 × 108 ALL 20000 65.3 no ?
DES 0.3 < z < 1.5 1.5 × 108 ALL 5000 16.3 no 2011-15

PAU-LRG 0.1 < z < 0.9 1.3 × 107 LRG 8000 8.6 yes 2011-15

Table 2.2: Details of the surveys related to the DE problem
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Another angle to look at possible photometric calibration effects is to assume that
different systematics on the galaxy density fluctuations will act as multiplicative correction
over the galaxy density at a given position in the sample. The analysis show that the
calibration requirement is at the level of 5% on the BAO scale.

Systematic errors in the radial direction (photo-z biases) also need to be under careful
control. At any given redshift, we would like the mean in the photo-z measurements to
differ from the true redshift by less than 1% (the target in ∆BAO accuracy) in the radial
BAO distance, i.e., σr ≃ 1Mpc/h, which corresponds to:

∆z = σr H(z)/c ≃ 5 × 10−4 (2.1)

where the numerical value corresponds to z = 0.8 and Ωm = 0.2.
This is about an order of magnitude better than the statistical error at the same redshift,

i.e. σz ≃ 0.003(1 + z) ≃ 5 × 10−3.
Note that this is a conservative approach because we need the ∆BAO accuracy as mea-

sured by galaxy density fluctuations and not by the absolute distances to the galaxies. The
former will probably result into a weaker constraint for ∆z.

A detailed calibration plan, including spectroscopic observations to calibrate the photo-
z methods and control the bias, are being implemented.

B.- DE in the JAO-PAU survey with other techniques

a.- Weak Lensing

Weak lensing is sensitive to both the distance and the growth factor as a function of
redshift. The lensing effect can be measured using either the shear or the magnification.
Since the PAU camera will not be optimized to achieve the highest possible angular resolu-
tion and PSF control, our measurements of galaxy ellipticities and weak lensing shear may
not be as good as those from other surveys. However, the accurate photometric redshifts
obtained in PAU may be combined with ellipticity measurements obtained in other surveys
for the same galaxies. Good source redshifts are important to be able to separate intrinsic
alignments of the major axes of galaxies from the lensing shear effect (Hirata et al., 2007),
because intrinsic alignments should occur only among galaxies with very similar redshifts.
Similarly, the cross-correlation of intrinsic shapes of galaxies in the lensing structures with
the shear in the lensed sources can be better modeled and corrected for with increasing
accuracy of the galaxy redshifts.

The PAU survey should also provide a better calibration of photometric redshifts for
other surveys that use wider bands. Our small redshift errors for individual sources imply
a proportionally smaller absolute uncertainty in the calibration of our redshift error dis-
tribution, for a fixed number of measured spectroscopic redshifts in a calibrating sample.
The PAU survey can be designed to reach a greater depth in a selected area of the sky
that overlaps with other surveys with accurate shear measurements but poor photometric
redshift accuracy, for the purpose of calibration.

The PAU survey may also be able to obtain some measurements of weak lensing mag-
nification. The magnification increases the flux of every source (while conserving surface
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z=0.9-1.0

z=0.4-0.5

All (flux limited)

Figure 2.35: Required systematic calibration error (rms percentage) for two broad redshift
slices (thick blue continuous lines): z = 0.4− 0.5 (top) and z = 0.9− 1.0 (bottom) and for
a flux limited sample (red dashed line) including all galaxies to the depth of PAU (mean
z = 0.7). In these units, at BAO scales (which is a function of z and is marked by the
arrow) the correlation in calibration error has to be smaller than about 6% for z ≃ 0.45
and 5% for z ≃ 0.95. For other science, the stronger requirements are driven by the flux
limited sample, i.e. < 2% and < 8% in correlated errors on scales smaller than 4 and 0.1
degrees respectively, as given by the dashed line. From Beńıtez et al. (2008b)
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brightness) and decreases their number density at the same time. As a result, the density
of sources at a fixed flux may increase or decrease depending on the slope of the luminosity
function. By correlating the galaxy density at a foreground redshift with the background
source density as a function of redshift and galaxy type, we can measure the magnification
effect and separate it from the true density fluctuations of the galaxy distribution.

b.- Galaxy Clusters

The evolution in the abundance of clusters of galaxies at a fixed mass is a probe of dark
energy through both the growth factor of the density fluctuations and the redshift evolution
of the volume element. It is therefore complementary to the measurement of the BAO scale,
which is purely geometrical in nature. Indeed, their number density and distribution, and
the way these properties evolve with redshift, depend strongly on cosmological parameters
(Vikhlinin et al., 2003):

- The cluster mass function is basically determined by the universe matter density Ωm

and the amplitude σ8 of the power spectrum. This offers an almost direct measurement of
these parameters, which combined with other cosmological information as that obtained
from the CMB strongly constraints ΩΛ.

- The mass function n(M, z) is a crucial observable: apart from offering information
about Ωm and ΩΛ , it is the only method which tells us about g(z). Consistency with the
measurement of H(z) is a fundamental consistency test.

- The power spectrum of the cluster distribution is an indirect measurement of the
underlying matter power spectrum.

Measuring n(M, z) and the growth factor using clusters demands a robust calibration of
the cluster masses, which can be achieved by a variety of methods: the Sunyaev-Zel’dovich
(SZ) and X-ray signatures of the hot gas in a cluster, weak gravitational lensing, and the
velocity dispersion of the cluster galaxies. The PAU survey can provide useful data for
all these methods. Clusters detected by their SZ or X-ray signatures may be identified
with the corresponding excess of galaxies in the PAU survey, yielding an accurate mean
redshift for the cluster. An average weak lensing profile may be obtained for a set of
clusters, using either shear or magnification measurements, combined with the accurate
photometric redshifts for the lensed sources obtained by PAU. The Javalambre survey
would provide unprecedented cluster redshift information up to z=1 (see Figure 2.36)
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Figure 2.36: How to use cluster abundances as a cosmological tool. The evolution of the
cluster mass distribution n(M,z) can be predicted analytically or through simulations as
a function of the cosmological parameters. Comparison with the observed cluster distri-
butions in X-ray luminosity n(Lz,z), optical luminosity n(L opt,z) and velocity dispersion
n(\sigma v,z) will provide strong cosmological constraints
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González-Delgado, et al, 2001, ApJ, 546, 845
Gratton, R. et al. 1996, ASP-CS 92, 307
Gronwall et al., 2007, ApJ, 667, 79
Hamilton et al., 2002, ApJ, 576, 61
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Chapter 3

THE CEFCA: STRATEGY AND
SCIENTIFIC GOALS.
ORGANIZATION

3.1 The general context

The interconnection between the scientific and technological advancement in one side, and
the economical and social progress in the other is more direct than ever in the present
world. The changes are so important and rapid that the definition and implementation of
an adequate strategy for the Research and Development (R&D) has become a high priority
task of the Governments. A task that is not simple since it has to take into account not
only the nature of the scientific fact and the planned objectives, but also the conditions of
the society where the activity is going to be developed.

Science, as the process to acquire, accumulate and organize the knowledge, is nowa-
days a very complex phenomenon that needs to be examined from all the angles to be
understood. Its recent history has shown that, beyond the specific developments, it is the
interplay between different disciplines a most important component. In the first level we
find the two main poles of the process, the theoretical speculation and the technological
development. Very often the second has been considered as a derivation of the theoretical
knowledge towards the world of applications. However, it is clear that the technological
development is also source of knowledge by itself and plays a distinct role in permanent
feedback relation with the theory. Even more, a most basic ingredient for the future of the
science is precisely that mutual influence that, even if it was always present, manifest itself
more than ever in modern science. The combined effort in science and technology must
therefore be one of the pillars of the R&D strategy.

Presently, due to that complexity of the whole process, the scientific policy has to be
defined, at the very ground level, on the basis of a generalized support to all the branches.
Above that generalized support, specific initiatives should be particularly impulsed and
pursued either because its rooting on the social, cultural or economical nearby reality or
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because they are specially well suited to produce developments that would optimize the
effort in R&D. The identification and support to this kind of initiatives is now an important
ingredient of the R&D strategy of the most developed countries.

The constitution of the Centro de Estudios de F́ısica del Cosmos de Aragón

(CEFCA) responds to the requirements of multidisciplinarity, feedback between scientific
and technological developments, social projection of the knowledge and to the possibility to
implement a natural scientific resource, the high quality of the site of Javalambre. Indeed,
it is primarily proposed as it is to exploit this existing scientific resource, the Sierra de
Javalambre, which quality has been tested and qualified, to ground the creation of the first
research center in Astrophysics in Aragón. It is not conceived as just another center similar
or with similar structure to those already existing in Spain, but as a new kind of center
to respond to the new phase of the development of the Astrophysics, to tackle the new
problems that, due to their amplitude and the intellectual challenge that they pose, and
the need for new instruments, demand completely new strategies. It is, finally, an initiative
designed ab initio, among the firsts in Europe, to optimize the efforts in the domain of the
Physical Cosmology along the lines contained in the referred Joint ESO-ESA report of the
Working Group on Cosmology report by Peacock et al.

Just before going into the main aspects of the center that we propose to create, we
would like to bring here well known aspects of our discipline and of its situation in Spain,
as a contextual frame where the CEFCA would find a justification to be created.

3.1.1 The role of the Astrophysics

Accumulated experience and prospective analysis have identified fields of R&D with special
capability to attract interest and activity and to promote the transfer between scientific
domains. One of these is undoubtedly Astrophysics, a discipline that concentrates very
important efforts and investments in telescopes, spatial probes, sophisticated instruments
and installations with very ambitious projects for the immediate future. Some of the
reasons to understand this situation are� Its radical multidisciplinary character� The permanent quest for technological innovations to keep it in the front line, that

frequently are to the benefit of more general applications� The demand of information and knowledge from the society

Let’s consider all those three aspects. To say that Astrophysics has an intrinsic multidis-
ciplinary character is quasi-trivial, as the Cosmos is the most ample variety of phenomena
and situations that can be accessed. What is not trivial is the process by which the Cos-
mology becomes scientific, that is not other than the increase of the capacity to measure
and to apprehend the observed phenomena quantitatively. Instrumental development and
observational Astrophysics are thus central, as the history has repeatedly demonstrated.
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The effect is multiple. First of all, it allows for a deeper understanding of known
phenomena, unveiling new aspects and properties. It also allows for the discovery of new,
unsuspected phenomena. From the sixties of the XX century up to now we have witnessed
discoveries in all the domains, from Cosmology to the most immediate planetary domain.
Events as extraordinary as the Cosmic Background Radiation, the Dark Matter or, more
recently, the Dark Energy; the QSOs and the GRBs, the most energetic phenomena in
the Universe up to now; or the existence of extra-solar planets with all the scientific and
cultural projections that are going to revolutionize our general conceptions in the next
years, have been brought to the scientific and the socio-cultural front lines in the last few
years. The accessible horizon has been pushed away incessantly and the known Universe
has become, both at far and at very close distances, the scientific object of more and more
disciplines. The Universe is now, perhaps for the first time in the history and not only
in a rhetoric way, a true laboratory where we can check our theories and look for new
conceptual developments, under the pressure of the accumulated facts.

Those developments have produced a qualitative change opening new challenges and
bringing new problems to the scientific discussion and consideration, demanding new meth-
ods, instruments and strategies. Detailed maps of a big fraction of the Universe are now
possible and even necessary to answer the main problems that have to be faced. Vast
projects aiming at surveying huge cosmic volumes and producing unprecedented data bases
are being carried out or planned for the next years. This moment in Astrophysics is in some
sense as it was for Geography one century ago, when the Earth could be almost defini-
tively mapped. Astrophysics is now in a position to give as a legacy to future generations
a detailed map of the whole sky to a deep limit.

This has become possible thanks to the detectors, instrumental and computing devel-
opments. Indeed, until not too long time ago the astronomers could get their data using
very low sensitivity detection systems only after important efforts that had to be pursued
after to reduce and calibrate them to finally get the information and try to interpret it in
physical terms. Now, with the new technical developments, the telescopes and instruments
can produce huge amounts of relevant data that, in a quasi automatic way, come out of the
pipelines already calibrated in physical terms. On the basis of the work by specialists, the
astronomer (that, as an individual, may or may not contribute to that effort) can handle
physical data without inverting effort or time in observing and reducing them. In such a
way that all the energy that was necessary to invest until some few years ago is now free
to be invested in data analysis, modeling and theoretical thinking and elaboration. The
process of data accumulation is now in the hands of specialized groups and teams that pro-
duce the so called Legacy Projects to the benefit and advancement of the Astrophysical
and Cosmological Sciences. And not only, since the data are now easily available to the
whole scientific community, including in particular particle or nuclear physicists, chemists
or biologists looking for answers for their own problems and inputs for their new projects
that cannot be even imagined in a laboratory other than the Universe.

Finally, the demand of information and knowledge by the a developed civil society
is an aspect that cannot be minimized. The outreach from scientific projects has to be
considered from the beginning as a necessary ingredient. A center like CEFCA has to
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assume the task of disseminating its activity, the results that are being obtained or, even,
the main aspects and advancements of the discipline. Even more, we consider that it has
to collaborate with Institutions devoted to these tasks. This kind of initiatives can become
the ideal way to transfer information on the scientific progress and achievements towards
the society that after all, is the body in which the scientific effort is generated.

The CEFCA is proposed to explicitly address the new scientific challenges, mainly in
Physical Cosmology, with new, purposely conceived and dedicated instruments, and with
the outreach activities implemented in its structure from the beginning.

3.1.2 The Astrophysics in Spain

It was only in the last part of the XX century that Spain joined the effort in the astro-
physical research. The initial autochthonous impulse was definitively reinforced by foreign
initiatives like the building of the Observatorio Hispano-Alemán de Calar Alto (Almeŕıa)
or, some years later, that of the Observatorio International del Roque de los Muchachos

(La Palma). The few Spanish astronomers, either in Spain or abroad, organized themselves
to take advantage of the situation and push the development of the discipline in Spain,
making it attractive enough to the young, bright graduated students that started to be
interested in it for their PhDs. Since then, and after the hard first years, the progress
has been vertiginous, particularly and overall, around the Centers that were created with
responsibilities in the new Observatories, like the Instituto de Astrof́ısica de Andalućıa,
the Instituto de Astrof́ısica de Canarias, IAC, or the Observatorio Astronómico Nacional,
created in the XVIII century but totally renewed with new instruments and telescopes.

The development of Astrophysics in Spain responds, other than to the the impulse from
the astronomers of the first generation, to a specific factor: the pressure of the observing
facilities installed in Spain and the corresponding international agreements. The present
structure of the research network of centers and institutes directly reflects that origin.
Thus, given that the facilities that were installed in Spain are of a generalist character,
conceived to serve a large communities, the research centers that were created respond to
those conditions, and to the ambition to be active in very different fields. Even if with
a, sometimes, very small number of astronomers per field, the centers are articulated to
be present in all the fields in Astrophysics. The IAA and the IAC are good examples of
this situation even if the same schematics tend to be reproduced in other, smaller centers,
where the size acts to modulate that ambition.

It has to be noticed that in spite of the spectacular development of the Astrophysics
in Spain, it has not yet reached a stable regime that could be comparable to that existing
in countries of the same economical and social area. To give just an aspect, the number
of astronomers per million inhabitants in Spain is clearly below the European average and
grossly below the numbers in countries like France, Italy, Germany, Holland or UK. The
unbalanced situation becomes more patent when, together with those crude numbers we
realize that the IAA and IAC have reached considerable sizes, well over the average. This
means that any significant increase of the Astrophysics in Spain should be through the
growing of the still small centers and, particularly, through the creation of new ones.
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This kind of policy should be defined to give an answer to the new scientific and
technological situation that the development of the discipline has created in the last years.
It is not more the time to create new centers by aggregation, trying to embrace all the
fields, but to design and to impulse new research centers to give an adequate answer to the
new challenges, molding them to tackle specific, well delimited projects that could allow to
attack the most relevant problems in specific fields with the guarantee of a well organized
effort.

It is in the perspective just pointed out that the creation of the CEFCA is proposed. It is
planed as a Center to contribute to the new opening era of global surveys that undoubtedly
are going to produce revolutionary advances in all the domains, from planetary science
and exoplanets to Cosmology; as a Center axed on the immediate and explicit feedback
between instrumental advances and observational astronomy; a Center to contribute to the
dissemination of the knowledge and to satisfy and feed the social need for information and
knowledge. The specificity of the CEFCA is going to be in the way it addresses the new
challenges and the defining aspects of the new situation in Astrophysics and Cosmology.

3.2 Motivations and Planning

3.2.1 Scientific and Strategical Motivations

The developments we have already pointed out have revealed the need for new, dedicated
instruments, not necessarily of ever increasing size but rather combining wide fields with
very large detector arrays. As explained in Chapter 1, the time is for telescopes with large
Etendue values, dedicated to map the Universe. Some projects have been proposed in the
last years to survey as large as possible fractions of the Universe with existing means. The
forerunner of this new era, the project that has really opened it is the SDSS, based on a
new, dedicated telescope and detector. The results and success of the initiative are there to
speak of its value and influence in all the branches of Astronomy and Astrophysics. We also
quote here for proximity reasons the ALHAMBRA-Survey together with the references it
contains to other surveys. Two more projects are now under construction, Pann-STARRS
and SKYMAPPER, and a new, cyclopean one is about to start being built, the LSST.

The main driver of our project is the design and building of a new, dedicated, large
Etendue telescope as described in Chapter 1. Around this central idea, to make it possible
and optimize the scientific output, we propose to create a Research Center, the CEFCA,
to define projects, run the telescope, handle the data, work on them and convert them into
Legacy Projects for the benefit of the whole scientific community. The instrumental part
is therefore a key component of the project.

In that respect the proposed project would look rather similar to SDSS or Pann-
STARRS, in terms of telescope size-class and Etendue. The difference is indeed in the
observational strategy and aims. We propose the use of narrow-band filters (that has been
successfully tested with the ALHAMBRA-Survey) to produce detailed information on the
Spectral Energy Distribution, SED, of all the detected objects, and accurate redshift val-
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ues. Even if we plan a photometric survey, the output is in fact low resolution spectra of
all the detected objects. Even more, for those objects that are well resolved, our data do
correspond to 3D spectroscopy, as discussed in Chapter 2. This is the specificity of our
project and its main value.

An all-sky survey is going to produce valuable data in all the astrophysical domains.
Choosing the central goals of a survey is however key to define the survey implementation
and to ensure the required quality of the data for a given purpose. To choose the initial
survey planned with the Javalambre telescope we have to take into account that, on the
purely scientific side, there are many signs indicating a radical change, a revolution in our
concept of the Universe and even in our fundamental theories in Physics and other science
branches, as discussed in Chapter 2. On the Cosmological domain, the discovery of the
acceleration of the expansion of the Universe indicates the presence of a totally unknown
new component in the Universe. the Dark Energy. The problem of the nature of the Dark
Energy is acceptedly one of the most important scientific problems not only in Cosmology
but also in High Energy Physics and, in general, in Science, as stated from the front page
by the Journal Science in 2005. The interest manifested by a large group of physicists and
astrophysicists grouped in the PAU collaboration, prompted the decision to devote the
initial survey to contribute to the study of the nature of the Dark Energy.

If Science progress particularly when new basic problems are posed, no doubt that
Astrophysics and Cosmology are making crucial contributions, challenging the Physics to
solve the problems that the accumulation of data and knowledge have brought to the
surface. As it is said in the quoted Report of the Dark Energy Task Force by Albrecht et
al.,

Dark energy appears to be the dominant component of the physical Uni-

verse, yet there is no persuasive theoretical explanation for its existence or

magnitude. The acceleration of the Universe is, along with dark matter, the

observed phenomenon that most directly demonstrates that our theories of fun-

damental particles and gravity are either incorrect or incomplete. Most experts

believe that nothing short of a revolution in our understanding of fundamental

physics will be required to achieve a full understanding of the cosmic accelera-

tion.

3.2.2 The Scientific Planing for the CEFCA

The new, almost unlimited, possibilities of communication and the distributed character
of the information allow to conceive new style centers that can be kept rather small in
size, working close to and operating the observing, dedicated facilities and able to nucleate
large collaborations. Centers that are proposing new projects and impulse the formation
of large working groups for specific projects. This is the kind of center we propose here
and the defining character of the CEFCA.

Looking at the map of the activity in Astrophysics in Spain it appears that there no
specific centers in Aragón. The creation of the CEFCA, other than contributing to the
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general activity in Astrophysics in Spain, could help to create synergies with first level
groups and Departments in the Faculties of Physics, Mathematics, Chemistry or other
natural sciences, and with Departments and groups of the Colegio Politécnico Superior or
the Instituto Tecnológico de Aragón. Thus the CEFCA could be the way to insert Aragón
in the national panorama in Astrophysics. In that sense we would like to recall here that
the Gobierno de Aragón already considered this possibility in the quoted Plan Autonómico

de Desarrollo de I+D.
The central idea supporting the proposal to create the CEFCA is to build up a Research

Center around its own Observatory and with a scientific program in the area of Physical
Cosmology.

There are two main axes or Research Lines defining the scientific activity of the
CEFCA, intended to be based on observational programs with the Javalambre telescope.
We also consider that some activity in theoretical, related fields is necessary. Specifically,
we intend the CEFCA to be active in� Galaxy Formation, Evolution and Clustering.

This line would contain the study of the different systems, from galaxies to Clusters
as tracers of the evolution of the Universe. The obvious sublines would be:

1. Galaxy Formation and Evolution

2. Global properties of Clusters of Galaxies. The galactic content. Morphological
Evolution. Galaxy mass assembly. Density effects� Large Scale Structure and the Physics of the Cosmos

This line intends to address the Physics of the Dark, Accelerated Universe. The main
sub-lines will be

1. The Large Scale Structures. Voids. Growth factor

2. Gravitational Lens effect. Dark Matter. Detection and Models

3. The geometry of the Universe. Distance indicators. The expansion rate along z

4. Dark Energy. Observational characterization. Models

It is important to insist in the fact that it is proposed to start the activity of the CEFCA
with a well defined, front line project, the Physics of the Accelerated Universe, PAU,
funded as a CONSOLIDER-INGENIO project by the Ministry of Science and Innovation.
The central part of the project is an all-sky survey as described in the precedent Chapters.
The scientific goal is indeed to study the nature of the dark energy through the Baryonic
Acoustic Oscillations, that corresponds to one of the Research Lines proposed for the
CEFCA.

Even if the central goals of the proposed survey are very specific, the amount, richness
and accuracy of the data that will be collected are indeed of the maximum interest for most



108 CHAPTER 3. THE CEFCA, STRATEGY AND PHILOSOPHY

branches in Astrophysics. All the aspects related with the Research Lines of the CEFCA
will be directly exploited by its scientists. First of all, always in the context of the Dark
Energy problem, different probes and techniques as Clusters Counts at different z-values
or weak lensing (in combination with data from more specific surveys) or the SNIa that
could be detected and followed up will be considered. Other than that, it is important to
realize that the bulk of the data is going to be most valuable for Galactic studies, cosmic
evolution, AGNs studies or star formation history. As we have already written, the survey
is going to produce the up to date largest astronomical data-base including the SED and
z for several hundred million objects. The CEFCA will primarily concentrate its efforts
on the topics covered by the proposed lines, in particular those related with clustering
evolution, the growth factor and galaxy evolution.

Incidentally we would like to point out that the activity of the CEFCA before the data
from the Javalambre Observatory can be exploited, will be centered on the analysis of the
data from the ALHAMBRA-Survey, a running project that is similar in concept to the
Javalambre Survey, even if at a much smaller scale and that will serve as a study case to
prepare the analysis of the Javalambre survey data.

The observing activity will be completed with short, well delineated programs related
with astrometry, that could imply a small fraction of the total time. At this point we would
like to mention the possibility of agreements with other institutions for the use of part of
the (bright) time for the systematic search of Extrasolar Planets. This is just an open
possibility for the moment, that would be implemented if the conditions are acceptable in
terms of observing time and scientific return.

The CEFCA is conceived to produce Legacy Projects. That means that the CEFCA
will take the responsibility not only to produce the raw data with the telescope, but most
important, to reduce and calibrate the data and to produce the final Catalogues that
will be Archived and offered to the whole astronomical and scientific community, for their
analysis. Some version of the data will also be structured to be accessible to the general
public as part of the outreach program.

The CEFCA will implement a system to decide the surveys that will follow after the
completion of the first one. In any case it will be based on the standard rules in Astro-
physics, that is, call for applications and peer examination of the different proposals.

3.3 Development and organization

The CEFCA is conceived upon the technological and scientific activity based on two sin-
gular facilities, the Javalambre Astronomical Observatory and the Data Center that has
to handle the data produced by the Observatory.

The development process includes several phases, starting with the construction of the
Observatory, the implementation of the Data Center and the structuring of the scientific
activity. Our plan is to reach the definitive structural level by 2015.

The initial structure foreseen for the CEFCA is a FUNDACIÓN which statutes have to
be approved by the Gobierno de Aragón. It is planned to have it definitively constituted
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by the end of 2008. Taking this as granted the main undertaking is the building of the
telescope. The goal is to have it installed in the mountain and operational in 2011. The
information from the potential manufacturers of the telescope and dome is consistent with
this view, even if we are aware of the tight scheduling that we are considering. The Data
Center should also be operational at that moment, what is also demanding.

3.3.1 Phases of the Project

Preliminary Phase, 2007-2008

During this current phase the main activities are being a new site testing campaign in
Javalambre, the establishment of the Requirements for the Observatory, telescope and
dome and the Data Center.

The site testing campaign was described in Chapter 1. As for the others:� Telescope, Dome and Observatory requirements.

Along the second part of 2007 we ordered and received the study of the conceptual
design for a telescope of Etendue ≈ 20 and 2m of minimum aperture to 5 companies:
FRACTAL-ES (Spain), ASTELCO (Germany), EOS (Australia), AMOS (Belgium)
and SAGEM (France). The scope of those studies was to present a conceptual design
that could satisfy the basic requirements (see Chapter 1).

The different studies were analyzed by an International Panel of Experts that de-
livered its report to the responsible of the project. The report contains a clear
recommendation to develop a Ritchey-Chrétien type telescope that could fulfill our
basic requirements. We have started to develop such a possibility by organizing a
team to undertake the different tasks.

The main action now is to establish the Pliego de Condiciones (Requirements) to
define precisely the telescope, dome and enclosure of the required telescope. The
Instituto Tecnológico de Aragón, ITA, is going to coordinate the work to that end.
Several specialists from the ITA and the Zaragoza University and Centro Politécnico

Superior will be involved in this tasks, together with Engineering Consulting Com-
panies to help the FUNDACIÓN. The dead line for this task is October the 30th.

Concerning the previsions for the Civil Work, we have already started the procedure
to get the necessary permits from the authorities regarding the environmental aspects.
A large area around the telescope site is being asked to be reserved. The very
preliminary design would contain two separate buildings, one for the telescope and
other for workshops, services and telescope control. It is planned to have detailed
plans of the pier, enclosure and building by the beginning of 2009 to be able to start
the construction in the summer of 2009

We are also considering the case for an auxiliary telescope of 60-80 cm aperture, for
calibration, follow up of variable sources and auxiliary work related with the main
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survey. This option will be analyzed along 2008 and a decision will be taken on the
basis of technical, scientific and budgetary considerations. In the case it would be
considered worth to be built, we would plan to have it finished well before the main
telescope and use it as a test case for constructing, mounting, commissioning and
run a telescope at Pico del Buitre. The experience would be most valuable for the
main telescope.� Data Center preliminary considerations

Studies about the feasibility and cost of a data transmission system between the Pico
del Buitre and the city of Teruel have been finished to show the feasibility of such
a connection. A study of the optimum data storage system was also provided by
a company. These are very preliminary but precise enough to show that they are
feasible. The decision will be taken in the last possible moment to have access to the
newest developments.� Agreement CEFCA-PAU collaboration

A formal agreement between the CEFCA and the PAU collaboration should be es-
tablished. As we have said, there is a declaration of intend between the authorities
responsible of the CEFCA project and the PAU collaboration stating that PAU
should provide the CAMERA and that the first 4-5 years of the Javalambre Obser-
vatory would be devoted mainly to the survey to provide the data required by PAU.
This is the default and should be formalized in the next months. Otherwise the pos-
sibility to have an appropriate Camera by the time the telescope could be finished
could be jeopardized. In that case the CEFCA should consider alternatives for the
camera.

At this moment, a preliminary design of the cryostat and camera to be given as an
input to the telescope design is needed. We have ordered a conceptual design to get
the necessary information. The basic requirements are those for the PAU Camera.� The CEFCA quarters and personnel

For the time being we have been already allocated by the Subdelegación del Gobierno

de España en Teruel some space to install our offices. This is a small, provisional
installation. We are actively looking for a definitive solution that should be identified
in 2008.

As for the personnel, we expect to have 3-4 persons full-time devoted to the project
by the end of 2008.

Construction Phase, 2009-2011

The main task during this phase is to construct the telescope with its dome and enclosure
and the service building. It also includes the commissioning of the telescope and dome. At
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the same time the CEFCA should be definitively installed in Teruel and the DATA center
finished and working at the end of the phase.

Planning for 2009
By the middle of 2009 the PDR of the telescope and dome should be finished. By the

end of 2009 the Data Center would be completely defined, as well as the Data Connection
system. The CEFCA will have to be able to verify and certify, with the adequate consult-
ing bodies, the subsystems and intermediate milestones in the construction process. The
definitive location and quarters of the CEFCA should be well defined and the construction
of the buildings planned. The personal should correspondingly increase mainly in the tech-
nical and management areas, where the staff would be already attain 60% and 100% of the
final configuration, respectively. The scientific staff should be increased in 1-2 members by
the end of 2009.

The principal responsibility of the CEFCA will continue to be the control, verification
and commissioning of the different construction tasks. It will also be the responsibility of
the CEFCA to define the procedures for the Commissioning of the Telescope and buildings,
to determine the optimum way to do the testing of the telescope and to build the adequate
instrument. We are considering to have a 4kx4k CCD camera that could be displaced
along the focal plane to test the quality in all the FoV.

This camera would be developed to be used with the auxiliary telescope in case it is
built. In that case the data would be used as real input for the connection system, the data
storage systems and the data reduction and archiving real tests. The auxiliary telescope
should be erected by the end of 2009 or beginning of 2010.

Summarizing, the Milestones for 2009 are:

1. Telescope PDR by August 2009

2. Study and planning of the Data connection system between Pico del Buitre and the
CEFCA

3. Study and planning of the Data Center equipment, data storage system and operation
mode

4. Starting the civil work at Pico del Buitre

5. If it is the case, starting the construction of the auxiliary telescope and dome.

6. Construction of the Commissioning CCD camera

7. CEFCA quarters detailed design and plans, including equipment

Planning for 2010
The civil work, dome, enclosure and general building should be finished by the end

of 2010, so to be prepared to install the main telescope and to start the commissioning.
Depending on the real start of the construction of the telescope, hopefully in the beginning
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of 2009, the telescope is expected to be at the mountain during the first part of 2011 at
latest.

By the end of 2010 the technological staff should be completed to to be able to plan
and prepare the commissioning of the telescope. This task is expected to be completed
well within 2011. Then the first observations could start. The Data Management team
should also be completed and working.

We expect to reach 50% of the scientific staff at that moment. For the CEFCA quarters,
they should be ready by the end of 2010.

Summarizing, the Milestones for 2010 are:

1. Civil Work at the Observatory finished

2. Erection of the auxiliary telescope if it is the case

3. CEFCA headquarters finished

4. Data center and connection system finished

Consolidation Phase, 2011-2015

The first task at the beginning of 2011 is to install the telescope at Pico del Buitre and to
commission it. After data, once the Observatory and the Data Center are already finished
and running, the CEFCA will devote all the efforts to run the Observatory and the data
handling in the most efficient way and to scientifically exploit the data. In the same logic
previously put forward, this is the phase to consolidate the CEFCA, its working philosophy
and acquiring the definitive size and structure. After what we have planned, this phase
would start with a staff of 6 scientists, 2-3 contracted doctors and 3 students. The technical
and managing staff would have been completed at the end of the previous phase.

The central goal is to accomplish the first planned survey, defined in terms of fulfilling
the requirements by PAU, and able to produce a huge amount of detailed, high quality
data for all the branches of Astronomy.

After two years of experience a new call for proposals will be launched, to start planning
the next survey to start after 2015.

The scientific activity, other than that related to the building and commissioning of
the telescope and instruments, will be based on the ALHAMBRA-Survey project until the
data from Javalambre will start to flow.

At the end of this phase the survey data will be completely reduced and calibrated and
the Archive will be done and offered to the community
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Beyond 2015

The potentiality of the telescope and camera that are being considered go well beyond the
completion of the first survey in 2015. The scientific possibilities considered in Chapter 2,
even if only pointed out, imply many years of telescope. Indeed, priorities have to be fixed
but this indicates the long term view that can be established from now for the use of the
telescope. As matters and technology evolve, the projects and the instruments will also
evolve to be always at the forefront of the astrophysical research within this window that
is being now opened.

We intend to maintain the philosophy of large surveys and Legacy Projects what-
ever the central goals of every survey could be. Taking into account the continuous and
rapid evolution of the Astrophysics it would appear too pretentious to propose the next
or following surveys. As we have indicated it will be the community through the habit-
ual mechanism of call for applications and peer review which will propose new observing
projects. In any case, it is not difficult to imagine from now how the telescope could be
used in an optimal way to repeat the same survey searching for variable objects or to per-
form deeper surveys of smaller sky regions, or specifically tune surveys for galactic stars
(including the galactic plane) or for any family of galaxies like LRGs, or QSOs, or high-z
objects. On the other hand, different evolution of the photometric narrow-band technique
can be imagined to fulfill the requirements for specific problems: particular filter sets,
sliding broad-band filters, tunable filters,...

Finally, given the quality of the site it cannot be excluded expanding the Observatory
with new telescopes from national or international collaborations. For the time being this
is just a general expression that any Observatory should keep open. But quality and easy
access make a plus of realism to that consideration.

3.3.2 Structure planning and Organization Chart

The core of the CEFCA is expected to be built from 2008 on in the city of Teruel. It
will be structured as a Fundación with the possibility to become later a GdA-CSIC shared
responsibility Research Center.

The tasks are clearly defined in relation with the management and construction of the
Observatory and the Data Center, as the main parts of the CEFCA, and the commissioning
of all the technical installations. The Center would be completed, regarding the scientific
staff, by the end of the first long-term program of the telescope, by 2015.

The initial, core team of the CEFCA would be formed by 2 astronomers, 2 Engineers,
respectively in charge of the OAJ and Data Center, 2 technicians (one per area), a manager
and two persons for administration and secretary tasks. Ideally this initial group should
be completed by the middle of of 2009.

The CEFCA needs to be equipped with adequate laboratories for calibrations, mainte-
nance, repairs, and developments. At this point we would like to point out an important
aspect. Given the general philosophy and goals of CEFCA we don’t consider among the
initial goals the capacity for complete instrumental developments. We expect that the
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Engineers responsible for the Observatory and Data Center respectively will be in charge
of new instruments prospection and proposal for our telescope or others, particularly in
the context of GTC, ESO and ESA. Once one of such projects would be identified, our role
would be that of getting other groups involved, integrate the efforts and identify partners
to define collaborations that could undertake the construction of a instrument.

In terms of staff, the plans for the CEFCA are:� Technical Staff: 12 persons. To be completed in 2010

1 Engineer and 4 technicians to operate and maintain the Observatory
1 Engineer and 6 technicians in Computing, for the Data Center� Managing Staff: 5 persons. To be completed in 2010

1 General Manager
2 Secretary work, 1 for the Direction, 1 for the Departments
2 General Administration� Scientific Staff: 13 persons. To be completed in 2015

Half the staff should be completed by the end of 2011.

The scientific staff will be ascribed to one of the two Research Lines mentioned before.

It can be seen that we don’t pretend a large staff. In a complementary way we propose
a very active policy regarding the association of other scientists, that could systematically
collaborate for long periods, corresponding to the duration of a typical survey at least.
This would have a multiplicative effect on the scientific vitality of the CEFCA and on its
external projection and visibility. We consider it as a key aspect of our proposal and is
the main point of articulation with other centers either in Spain or abroad. In such a way
that we propose as a goal of the CEFCA to become a reference center in Observational
and Physical Cosmology.

This will be completed with a very powerful program of visitors and scientific stays
that should be adequately funded to be able to afford a full year program including around
15-20 high level visitors per year, with typical stays of about 1 month.

The final Organization Chart would then include the Director, the Manager, two Re-
search Line leaders and the leaders of the Observatory Group and the Data Center Group,
respectively (see Figure 3.1). The total number of staff people would amount to 30 per-
sons. A number of PhD students and post-doctoral researches will also be integrated in the
CEFCA. Indicative numbers could be 2-3 post-doctoral positions and 4-6 PhD students
per Research Line.

Indeed, all those numbers are, at this moment, indicative. Beyond the exact figures,
we would like to emphasize the underlying strategy and the way we plan to structure the
CEFCA to be at the level of the responsibility that the Observatory, the Data Center and
the planned scientific activity demand.
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Figure 3.1: Indicative Organization Chart of the CEFCA.


